US009274139B2

a2 United States Patent
Shi et al.

US 9,274,139 B2
*Mar. 1, 2016

(10) Patent No.:
(45) Date of Patent:

(54) METHOD AND APPARATUS OF OPERATING
A SCANNING PROBE MICROSCOPE

(71) Applicant: Bruker Nano, Inc., Santa Barbara, CA
(US)

(72) Inventors: Jian Shi, Ventura, CA (US); Yan Hu,

Ventura, CA (US); Shuiqing Hu, Santa

Barbara, CA (US); Ji Ma, Thousand

Oaks, CA (US); Chanmin Su, Ventura,

CA (US)

(73) Bruker Nano, Inc., Santa Barbara, CA

(US)

Assignee:

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by O days.

This patent is subject to a terminal dis-
claimer.

@
(22)

Appl. No.: 14/172,710

Filed: Feb. 4,2014

(65) Prior Publication Data

US 2014/0223615 Al Aug. 7, 2014

Related U.S. Application Data

Division of application No. 12/958,323, filed on Dec.
1, 2010, now Pat. No. 8,646,109, which is a
continuation-in-part of application No. 12/618,641,
filed on Nov. 13, 2009, now Pat. No. 8,739,309.

Provisional application No. 61/265,655, filed on Dec.
1, 2009, provisional application No. 61/114,399, filed
on Nov. 13, 2008.

(60)

(60)

Int. Cl1.
G01Q 20/00
B82Y 35/00

(51)
(2010.01)
(2011.01)

(Continued)

103 105

(52) US.CL
................ GO0I1Q 20/00 (2013.01); B82Y 35/00
(2013.01); GOI1Q 10/065 (2013.01); GOIQ
60/32 (2013.01)
(58) Field of Classification Search
USPC 850/1, 5

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,060,248 A
5,229,606 A

10/1991 Dumoulin
7/1993 Elings et al.

(Continued)
FOREIGN PATENT DOCUMENTS

CN 1253291

2591559

5/2000
12/2003

(Continued)
OTHER PUBLICATIONS

Kwak et al, “Imaging stretched single DNA molecules by pulsed-
force-mode atomic force microscopy”, Scient Direct (www.
sciencedirect.com), DOI: 10. 1016/S0304-3991(03)00049-4,
(2003), pp. 249-255.

(Continued)

Primary Examiner — Phillip A Johnston
(74) Attorney, Agent, or Firm — Boyle Fredrickson S.C.

(57) ABSTRACT

Methods and apparatuses are provided for automatically con-
trolling and stabilizing aspects of a scanning probe micro-
scope (SPM), such as an atomic force microscope (AFM),
using Peak Force Tapping (PFT) Mode. In an embodiment, a
controller automatically controls periodic motion of a probe
relative to a sample in response to a substantially instanta-
neous force determined, and automatically controls a gain in
a feedback loop. A gain control circuit automatically tunes a
gain based on separation distances between a probe and a
sample to facilitate stability. Accordingly, instability onset is
quickly and accurately determined during scanning, thereby
eliminating the need of expert user tuning of gains during
operation.

20 Claims, 25 Drawing Sheets

Peak Force
ive Force]

130 Setpoint.

Gate Position

PeakiGated
average Force
Detector

i

102



US 9,274,139 B2

Page 2
(51) Int.ClL FOREIGN PATENT DOCUMENTS
G01Q 10/06 2010.01
¢ ( ) Jp H11-133038 5/1999
G01Q 60/32 (2010.01) P H11-352135 12/1999
Jp 2001 108601 4/2001
(56) References Cited Jp 2001108601 4/2001
Jp 3229329 11/2001
U.S. PATENT DOCUMENTS ig 20043‘?;8%? ggggj
5,266,801 A 11/1993 Elings et al. P 2005-512100 4/2005
5267471 A 12/1993 Abraham et al. JP 4452278 4/2010
5,406,832 A 4/1995 Gamble et al. wo 2002048644 6/2002
5,415,027 A 5/1995 FElings et al. WO 2010032429 3/2010
5507,179 A 4/1996 Gamble et al. WO 2010/065131 6/2010
5,513,518 A 5/1996 Lindsay
5,955,660 A 9/1999 Honma OTHER PUBLICATIONS
6,005,246 A 12/1999 Kit: t al.
6:008:489 A 12/1999 Elli;lg;u;:l;' a Kruger et al, “Scanning Force Microscopy Based Rapid Force Curve
6,134,955 A 10/2000 Han et al. Acquisition on Supported Lipid Bilayers: Experiments and Simula-
6,441,371 Bl 8/2002 Ahn et al. tions Using Pulsed Force Mode”, ChemPhysChem (www.
6,519,221 Bl 2;2003 Manalis et al. chemphyschem.org), DOI: 10.1002/cphc,200301059, (2004), pp.
G690.008 B2 22004 Hanischel et al. swber. | |
6:880:386 Bl 4/2005 Kiotil et al. &esz etal. “?nvestlgatlon of pulsed laser dipom_ted cryst_alllne PTFE
6,894,272 B2 5/2005 Kranz ef al. thin layer with pulsed force mode AFM”, Science Direct (www.
6,906,450 B2 6/2005 Tamayo De Miguel et al. sciencedirect.com). DOI: 10.1016/j.ts£.2003.11.254, (2003), pp.
6,935,167 Bl 8/2005 Sahin et al. 239-244.
7,044,007 B2 5/2006 Struckmeier etal. ...... 73/862.51 Shanmugham et al, “Polymer Nanowire Elastic Moduli Measured
7,074,340 B2 7/2006 Lu_gs_tein et al. with Digital Pulsed Force Mode AFM”, American Chemical Society,
7,129,486 B2 10/2006 Spizig et al. DOI: 10.1021/1a0505380, Jun. 11, 2005, pp. 10214-10218.
7,156,965 Bl 1/2007 Li etal. Zhang et al, “Pulsed-Force-Mode AFM Studies of Polyphenylene
7,204,131 B2*  4/2007 Addertonetal. .............. 73/105 Dendrimers on Self-Assembled Monolayers”, The Journal of Physi-
;’532’282 gé %88; Eigé?t‘éiiit al. cal Chemistry, DOI: 10.1021/jp073388u, May 23, 2007, pp. 8142-
il - 8144.
;:33%:?3; g% }?gggg \Di/eag;;nekm etal. Jradi et al, “Analyiis of photopolmerized acrylic films by AFM in
7.461.543 B2  12/2008 Degertekin pulsed force mode”, Journal of Microscopy, vol. 229, Pt 1 2008, pp.
464, 5 151-161
7,464,583 Bl  12/2008 Kowalewski et al. -161.
7,478,552 B2 1/2009 Gotthard et al. Miyatani et al, “Mapping of electrical double-layer force between tip
7,550,963 Bl 6/2009 Xiang et al. and sample surfaces in water with pulsed-force-mode atomic force
7,552,625 B2 6/2009 Degertekin microscopy”, American Institute of Physics (http://apl.aip.org/apl/
7,596,989 B2 10/2009 Humphris et al. copyright jsp), vol. 71, No. 18, Nov. 3, 1997, pp. 2632-2634.
7,617,719 B2 11/2009 Suetal. Moreno-Herrero et al. “Characterization by Atomic Force Micros-
7,637,149 B2 12;2009 Dggel_tslkln etal. copy of Alzheimer Paired Helical Filaments under Physiological
;’?8;’;;2 g% gég}g gieeseslltekin Conditions”, Biophysical Journal, vol. 86, Jan. 2004, pp. 517-525.
7’810’166 B2 102010 Strl%ckmeier ctal. Sotres et al. “Jumping mode AFM Imaging of biomolecules in the
8’220’3 18 B2 7/2012 Degertekin repulsive electrical double layer”, Science Direct (www.
8.650.660 B2  2/2014 Shi etal, sciencedirect.com). DOI: 10. 1016/j.ultramic.2001.01.020, Jan. 31,
2002/0096642 Al 7/2002 Massie 2007, pp. 1207-1212.
2002/0174714 Al 11/2002 McWaid Kwak et al, “Topographic effects on adhesive force mapping of
2004/0134264 Al 7/2004 Massie stretched DNA molecules by pulsed-force-mode atomic force
2004/0134265 Al 7/2004 Mancevski microscopy”, Science Direct (www.sciencedirect.com), DOI:
2005/0030054 Al 2/2005 Chang 10.1016/j.ultramic.2003.11.005, Nov. 24, 2003, pp. 179-186.
2005/0212529 Al 9/2005 Huang et al. Moreno-Herrero et al. “DNA height in scanning force microscopy”,
%882;838225?‘ ﬁ} 1%%882 Iélrﬁdergt al.t o Science Direct (www.sciencedirect.com), DOI: 10.1016/S0304-
chroeder et al.
; 3991(03)00004-4, Nov. 22. 2002, pp. 167-174.
%882;85 égggg ﬁ} }?;3882 Slllbestoiet al. Moreno-Herrero et al, “Jumping mode atomic force microscopy
2006/0283338 Al  12/2006 Degertekin obtains reproducible images of Alzheimer paired helical filaments in
2007/0012094 Al 1/2007 Degertekin et al. liquids”, Science Direct (www.sciencedirect.com), DOIL: 10.1016/j.
2007/0024295 Al 2/2007 Humphris et al. eurpolym;j.2004.01.018, Jan. 20, 2004, pp. 927-932.
2007/0082459 Al 4/2007 TFaris Moreno-Herrero et al, “Atomic force microscopy contact, tapping,
2007/0084273 Al 4/2007 Hare et al. and jumping modes for imaging biological samples in liquids”, The
2007/0089496 Al 4/2007 Degertekin American Physical Society, Physical Review E 69, 031915, 2004, pp.
2007/0103697 Al 5/2007 Degertekin 031915-1-031915-9.
2007/0107502° Al 5/2007 Degertekin Jiao et al, “Accurate Height and Volume Measurements on Soft
%88;;8352823 ﬁ} 12;388; gotthartli(_ | Samples with the Atomic Force Microscope”, American Chemical
50080022759 AL 12008 S egf“f in et al. Society, DOI: 10.1021/1a048650u, Oct. 8. 2004, pp. 10038-10045.
5008/0127722 Al 6/2008 SE Zt 21: Ven Der Werf et al, “Adhesion force imaging in air and liquid by
2008/0277582 Al 11/2008 Shi et al. adhesion mode atomic force microscopy”, American Institute of
2008/0295583 Al 12/2008 Giessibl PhySiCS, Appl PhyS. Lett. 65 (9), Aug. 29, 1994, Pp. 1195-1197.
2008/0295584 Al  12/2008 Cantrell et al. Krotil et al, “Pulsed Force Mode: a New Method for the Investigation
2008/0307865 Al  12/2008 Degertekin of Surface Properties”, Surface and Interface Analysis. vol. 27, 1999,
2009/0032706 Al 2/2009 Prater et al. pp. 336-340.
2010/0039919 Al 2/2010 Chou et al. Miyatani et al, “Surface charge mapping of solid surfaces in water by
2010/0045970 Al 2/2010 Raschke pulsed-force-mode atomic force microscopy”, Applied Physics A
2011/0170108 Al 7/2011 Degertekin Materials Science & Processing, vol. A 66, 1998, pp. S349-S352.



US 9,274,139 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Maivaldt et al, “Using force modulation to image surface elasticities
with the atomic force microscope”, Nanotechnology 2, Feb. 20, 1991,
pp. 103-106.

Marti et al, “Control electronics for atomic force microscopy”.
American Institute of Physics, v. Bel instrum 69 (8), Jun. 1988, No.
6, pp. 836-839.

Sarid et al, “Driven nonlinear atomic force microscopy cantilevers:
From noncontact to tapping modes of operation”, American Vacuum
Society, J. Vac. Sci. Technol. B 14(2), Mar./Apr. 1996, pp. 864-867.
Dr. Profos et al, “Handbuch der industriellen Messtechnik”, R.
Oldenbourg Verlag Munchen Wien, Feb. 11, 1992, pp. 203-206.
Marti et al, “Reibungsmikroskopie”, Aus der Wissenshaft, Phys. B1.
48 Nr. 12, 1992, pp. 1007-1009.

Rosa et al, “The simultaneous measurement of elastic, electrostatic
and adhesive properties by scanning force microscopy: pulsed-force

mode operation”, Department of Experimental Physics, University of
Ulm, Jul. 29, 1997, pp. 1-6.

Radmacher et al, “Imaging Adhesion Forces and Elasticity of
Lysozyme Adsorbed on Mica with the Atomic Force Microscope”,
American Chemical Society, Jul. 11, 1994, pp. 3809-3814.

Spatz et al, “Forces affecting the substrate in resonant tapping force
microscopy”, University of Ulm, May 23, 1995, pp. 40-44.
Radmacher et al, “Mapping Interaction Forces with the Atomic Force
Microscope”, Department of Physics, University of California, Mar.
7, 1994, pp. 2159-2165.

Martin et al, “Atomic force microscope-force mapping and profiling
on a sub 100-A scale”, American Institute of Physics. J. Appl. Phys.
61 (10), May 15, 1987, pp. 4723-4729.

Mizes et al, “Submicron probe of polymer adhesion with atomic
force microscopy: Dependence on topography and material
inhomogeneities”, American Institute of Physics, Appl. Phys. Lett.
59 (22), Nov. 25, 1991, pp. 2901-2903.

EPO Communication dated Jan. 12, 2015, for EP App. 11 846 886.7.

* cited by examiner



U.S. Patent Mar. 1, 2016 Sheet 1 of 25 US 9,274,139 B2

//40
Workstation
i 32 34 20

Error ( L |

Pl Gain |_| High Voltage
Control Amplifier

Setpoint
| s

H Ren
I S

Signal

Prccessi%g
(e?, RM
detlection)

FIG. 1

(PRIOR ART)



U.S. Patent Mar. 1, 2016 Sheet 2 of 25 US 9,274,139 B2

Tip-Surface "“‘1 ST
distance |
0 i

| pae— + Time
FiG. 2A
et T L
interaction st §Tlem— -~
Force ﬂ//
0| \j 1 = Time
Baseline WJLadheSEOﬂ
Famax force
Fa»vdw T
FIG. 2B

Deflection

Time

FlG. 2C



U.S. Patent Mar. 1, 2016 Sheet 3 of 25 US 9,274,139 B2

interaction Forge

Adhesion Force

\h ‘.

| et
Sync Distance

NS

Baseline Average

FIG. 3

Original

FIG. 4A

Ve

Background v
FIG. 48
Fr i Fr

— Fe g i
S

FIG. 4C

Interaction



U.S. Patent

Min. Controllable Force

Mar. 1, 2016 Sheet 4 of 25 US 9,274,139 B2

Min. Controllable Force

o
e

Before Background Subtraction

FIG. 5A

Subtracted Background
FIG. 5B

NEW

After Background Subtraction
FIG. 5C



U.S. Patent Mar. 1, 2016 Sheet 5 of 25 US 9,274,139 B2

KModuiation Frequency
i

{ ﬁCantitever Resonance

FIG. BA

Probe Trajectory

Tip/Surface separation

Time

PRome.

|

Cantilever Deflection (soft lever)

Lever TSLever
Oscillation Oscillation
Time

k interaction Zone
FIG. 6C



U.S. Patent Mar. 1, 2016 Sheet 6 of 25 US 9,274,139 B2

b FIG. 8B
Lon
| t Q/h %% f ’\a{a Nf"v\\ M’Mﬂ
e e e e
FiG. 8A
FIG. 8B

FiG. 8C



US 9,274,139 B2

Sheet 7 of 25

Mar. 1, 2016

U.S. Patent

GL "Dl

saa

GOW Z

ava
T Wslo 7

mm” P// SO QO 7 BTy BONERZLOROUAS w ﬂ
houm_juﬂmu% . IRAY gt Lw !
SOURISI(T DUAS
1 o' | G
i 4 /
L,\z_u_,,.% gei 8zl ot s s Y
A ) 10108180 - gLl
L T aoio obuieas homo_wcou R cw%mQN
pARRHMEDd Pit
3
s / V
NN odes gL 28l
UOHSO DIBSY
@Tﬁ \. ﬁ “ooi04 sasinday/ Ui 1 SRTOUL IR0 UONIessia Sities-di |
IDIC 4 YuBY
4} A i
TR e 3314 1eubi Y i} -
ipeiany " 13yt 4 {eUDI(] 3 PUNOIBYDRE UM ROIBEC
SNOUOIIUAS T o|qewnuesboig ™ u D m
fubeiany | 71 2ZL
oujosed ‘ suepns adwzs yo agqesd Wy A0leBLBY o izt
A , - | punoiBweg oav
oo ¥ { A
coL

01



U.S. Patent Mar. 1, 2016 Sheet 8 of 25 US 9,274,139 B2

< Start-Up and initialization >

é* ,/— 304

Generate relative motion between
probe and sample

é /—— 306

Recover Probe-Sample Interaction
(hydrodynamic background
subtraction using either lock-in
or synchronous averaging)

I

Filter

é - 310

Detect Force {(Peak Force
Detection / Gated Averaging)

é’ //372

Compare to Sefpoint

é //314

i Generate Control Signal }

g //"-31&3

Actuate

FIG. 11



U.S. Patent Mar. 1, 2016 Sheet 9 of 25 US 9,274,139 B2

. Completion of 1 cycle
Setpoint i y

U e

| J\[ |
i i H i I
i { i : }
t { i ! |
t t i B {
i { i { i
! ] f { {
X FIG. 124
Feedback Error

FiG. 128

(PRIOR ART)
@ s | 3 :
| i j E | :
| | o
: 'z | ! i
§ i
i i
1 {
I {
i i
i H

Feedback Error .1‘

« FIG.12C

s




U.S. Patent Mar. 1, 2016 Sheet 10 of 25 US 9,274,139 B2

400
¥
402
[’

Calculate appropriate Lift Height

é /—- 404

Lift the tip up with Z Piezo control
feedback off

406
v -

Compute the background with multiple
cycles data using synchronized averaging
algorithm

I 408

Real time subtraction of measured force
and background (e.g., using FPGA)

é //-4'30

Turn control feedback on,
Tip interacts with surface




U.S. Patent Mar. 1, 2016 Sheet 11 of 25 US 9,274,139 B2

WSQO

502
//"’

Calculate appropriate Lift Height

é s 504

Lift the tip up with the Z piezo
control feadback off

% s 506

Use lock-in amplifier o measure
the background primary
harmonic amplitude and phase

% s 508

Reconstruct sinusoid background
with the measured amplitude and
phase

% /,.51(3

Real time sublraction of
measured force with and
background (e.g., using FPGA)

% o 512
Turn control feedback on, Tip
interacts with surface

FiG. 14




U.S. Patent

Mar. 1, 2016

Sheet 12 of 25

US 9,274,139 B2

M“ 600

/,,,. 602
Step motor move down with fixed o
motor step
j //_608
|
L X Rackaround subtraction

Turn control feedback on,

feedback loop move tip towards
sample

&

Compute ift height and lift tip up

% //612

Background subtraction

614
/-

Turn control feedback on, Tip
interacts with surface

FiG. 15




U.S. Patent Mar. 1, 2016 Sheet 13 of 25 US 9,274,139 B2

Lift tip up 1.5 times the motor
step with Z Piezo

§ 104
Step motor move down with 710
motor step /ﬁ

Background subtraction
v

Turn control feedback on, &
feedback loop move tip towards
sample

712
/o"“

Compute {ift height and lifttip up

T

Background subtraction

716
/~

Turn control feedback on Tip go
back into surface

Fils. 18



U.S. Patent Mar. 1, 2016 Sheet 14 of 25 US 9,274,139 B2

interaction Farge f !

AW
Adhesion Force
\ / | J Ringing
| noctes SR
Baseline Average Sync Distance
“g‘ Ee-
FiG. 17
Gated
| Bl Average
Interaction F orcie
\\fs
oF, ™
8
Adhesion Force
§ i
Baseline Average Sync Distance
- T -

FIG. 18



U.S. Patent

Mar. 1, 2016 Sheet 15 of 25

802
/z—

Qscillating cantilever probe
refative o the sample in
the z direction

é /f 804

Determine baseline

é //- 806

Determine background

éL //-' 808

interact probe with the sample

é //-810

Determine Sync Distance and
interaction force 8F and F,

i /‘812

Use oF,and F, ; for
feedback control

é ,/’/-814

Reposition probe {o different xy
positions and use feedback
to maintain constant F

FIG. 18

US 9,274,139 B2

800
rel



U.S. Patent Mar. 1, 2016 Sheet 16 of 25 US 9,274,139 B2

[}
5 F—
£
Time £ Position
FIG. 20A FiG, 20R

t
t
i
!
}
4

50 100 150 200 250 nm 50 100 150 200 250 nm

201

Y
o

15+

10+

b

B N e O ~d 00 D

.l&lhu ; nn\’? -ng-

50 100 150 200 250 1, 10 20 30 40 50 1,
FIG. 21A FIG. 218

—y
—




U.S. Patent Mar. 1, 2016 Sheet 17 of 25 US 9,274,139 B2

} A
A A
1
Z Modulation— | /
\ :\ f‘@ 03] l % Q
B- 10 / O
T {:{} \/ Fa-Fb | ©
Separation / 1 Time \ -
// ‘ (ﬁ-
B
FiG. 224 FiG. 228
5 @O @
o o
Q Q
LL. L
Z Moéuiétion
N B
Separation { 2 | Time )
- (f{_;‘,’ L &
/i Fa-Fb /\/

FiG. 23A FIG. 238



U.S. Patent Mar. 1, 2016 Sheet 18 of 25 US 9,274,139 B2

1000
[

—s Scan direction

=
‘[\Ci.ﬁ -
—“gmMNW\L—~w*wM—J//w~“~ 1002
ﬁf

1004 1006 ‘

I_l m MW‘WWM Error

«— stable feedback |—se—junstable feedback j—

FIG. 248



U.S. Patent Mar. 1, 2016

Amplitude

Sheet 19 of 25

FIG. 25

—s SCan direction

TN

US 9,274,139 B2

«J__*__._,.,

1

parachuting  yq9p
/

‘302‘%\, | FIG. 284
T 11022

1032

| H FIG. 268
%

| m FIG. 26C
I T

:

| J\E FIG. 26D




US 9,274,139 B2

Sheet 20 of 25

Mar. 1, 2016

U.S. Patent

4€ "Dl

8t b~ 9¢€ S\/
Saad o VG
gow Z BSUO 7
, OLLL ozaid 7,
uibieyy 90UBI0I01 ISION oLiL
\
PELLN Otlin ﬂ
Bjjoiuos + uoloaadg Ewmm bitl S
Hie oy “luoneoso [+ Buiduwes-oy ZLLY
rmm Lt gzl |
#] JOHOUOT Ted »  OVQ
5 wbisy | uesgz
¥Zil J
£z E..\« g2t
witjobyy v
Jui0d-195 UORIBIB(] 8010 4 gy
NNS SPO E& aLLL
00LL A 74 z,.




US 9,274,139 B2

Sheet 21 of 25

Mar. 1, 2016

U.S. Patent

8¢ 94

| 9oUeISI0L BSION

J043

¥ORGPSD 4
01U LB

$GLL7

[-3

SGLL
anjep Bubesaay Buinopy .
= nding asim seuio ndyp = ndino » SN -
(Buibesany Buinow), v > ndut i ; b
gyiL— ¢ : 05L7 Z61s
bubesonyl | | (USEY | | 2i0m.2 - (Lo + (L0H)
Csw}h @m.m‘mm@w&{ =(3a H
grii gLt il

LONISOd

20104 %edd le— .

12 Buljduies-ay

\Zril

CLHH R (LD

wbey

Qb



U.S. Patent Mar. 1, 2016 Sheet 22 of 25 US 9,274,139 B2

Innnnninmnnn
/\/\V/\V/\\//
JAVAYAVAVAVAVAVA

FiG. 280D



U.S. Patent Mar. 1, 2016 Sheet 23 of 25 US 9,274,139 B2

1500
( Start )
KJSOZ

/ User define scan size /

Engage | 1504

< Initialize Parameters )

¥

¥ v

Set Small scan size 1514 Initialize DSP

| { - ~1510
Verify engage n_15186
y
Modify initial gain / set point{ P-1518
i
Optimize gain and force set point
at Small scan size 1520

&
Restore user scan size

~-1522

Adjusting 1524
gain / set point?

| ~1526

%

DSP Auto Pilot| 1512

Restore user gain / set point

i

2 1528
Monitor node |

Y 153
CEndy "%
FiG, 30




U.S. Patent Mar. 1, 2016 Sheet 24 of 25 US 9,274,139 B2

1600
}/‘

k:
Yes / \<604
" Peak Force >
\T\meshald?

1606

Yes ~ Background
Change >
Threshold?

o3

No
1608 | l 1610

Maintain
Scan Rate

Modify Scan Rate
!

e

b3

Contm

1612




U.S. Patent Mar. 1, 2016
/background\
F o )

FIG. 324

170{)\

1702\

initiate Operation in
PFT Mode

1704~ 4

Capture frame

1706~ !

Compute RMS

Thresholdz,,/

1710~

Adjust Z-Limit

Cend)

FIG. 33

1712-

Sheet 25 of 25

lbackgmuﬂd

"

F

(F

-
k/]

FIG. 328

Flir 7T

Sample

FiG. 34

US 9,274,139 B2



US 9,274,139 B2

1
METHOD AND APPARATUS OF OPERATING
A SCANNING PROBE MICROSCOPE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 12/958,323, filed on Dec. 1, 2010, which in turn,
claims priority under 35 USC §1.119(e) to U.S. Provisional
Patent Application Ser. No. 61/265,655, filed Dec. 1, 2009,
which in turn, is a continuation-in-part of U.S. patent appli-
cation Ser. No. 12/618,641, filed on Nov. 13, 2009, which in
turn, claims priority under 35 USC §1.119(e) to U.S. Provi-
sional Patent Application Ser. No. 61/114,399, filed Nov. 13,
2008, all entitled Method and Apparatus of Operating a Scan-
ning Probe Microscope. The subject matter of these applica-
tions is hereby incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to scanning probe micro-
scopes (SPMs), including atomic force microscopes (AFMs),
and more particularly, to a mode of AFM operation that
provides force control at high speed, low tip-sample interac-
tion forces and high resolution.

2. Description of Related Art

Scanning probe microscopes (SPMs), such as the atomic
force microscope (AFM), are devices which typically employ
a probe having a tip and which cause the tip to interact with
the surface of a sample with low forces to characterize the
surface down to atomic dimensions. Generally, the probe is
introduced to a surface of a sample to detect changes in the
characteristics of a sample. By providing relative scanning
movement between the tip and the sample, surface character-
istic data can be acquired over a particular region of the
sample, and a corresponding map of the sample can be gen-
erated.

A typical AFM system is shown schematically in FIG. 1.
An AFM 10 employs a probe device 12 including a probe 12
having a cantilever 15. A scanner 24 generates relative motion
between the probe 12 and a sample 22 while the probe-sample
interaction is measured. In this way, images or other measure-
ments of the sample can be obtained. Scanner 24 is typically
comprised of one or more actuators that usually generate
motion in three mutually orthogonal directions (XYZ). Often,
scanner 24 is a single integrated unit that includes one or more
actuators to move either the sample or the probe in all three
axes, for example, a piezoelectric tube actuator. Alternatively,
the scanner may be a conceptual or physical combination of
multiple separate actuators. Some AFMs separate the scanner
into multiple components, for example an XY actuator that
moves the sample and a separate Z-actuator that moves the
probe. The instrument is thus capable of creating relative
motion between the probe and the sample while measuring
the topography or some other property of the sample as
described, e.g., in Hansma et al. U.S. Pat. No. RE 34,489;
Elings et al. U.S. Pat. No. 5,266,801; and Elings et al. U.S.
Pat. No. 5,412,980.

Notably, scanner 24 often comprises a piezoelectric stack
(often referred to herein as a “piezo stack™) or piezoelectric
tube that is used to generate relative motion between the
measuring probe and the sample surface. A piezo stack is a
device that moves in one or more directions based on voltages
applied to electrodes disposed on the stack. Piezo stacks are
often used in combination with mechanical flexures that serve
to guide, constrain, and/or amplify the motion of the piezo
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stacks. Additionally, flexures are used to increase the stiffness
of actuator in one or more axis, as described in application
Ser. No. 11/687,304, filed Mar. 16, 2007, entitled “Fast-Scan-
ning SPM Scanner and Method of Operating Same.” Actua-
tors may be coupled to the probe, the sample, or both. Most
typically, an actuator assembly is provided in the form of an
XY-actuator that drives the probe or sample in a horizontal, or
XY-plane and a Z-actuator that moves the probe or sample in
a vertical or Z-direction.

In a common configuration, probe 17 is often coupled to an
oscillating actuator or drive 16 that is used to drive probe 12
to oscillate at or near a resonant frequency of cantilever 15.
Alternative arrangements measure the deflection, torsion, or
other characteristic of cantilever 15. Probe 17 is often a
microfabricated cantilever with an integrated tip 17.

Commonly, an electronic signal is applied from an AC
signal source 18 under control of an SPM controller 20 to
cause actuator 16 (or alternatively scanner 24) to drive the
probe 12 to oscillate. The probe-sample interaction is typi-
cally controlled via feedback by controller 20. Notably, the
actuator 16 may be coupled to the scanner 24 and probe 12 but
may be formed integrally with the cantilever 15 of probe 12 as
part of a self-actuated cantilever/probe.

Often, a selected probe 12 is oscillated and brought into
contact with sample 22 as sample characteristics are moni-
tored by detecting changes in one or more characteristics of
the oscillation of probe 12, as described above. In this regard,
a deflection detection apparatus 25 is typically employed to
direct a beam towards the backside of probe 12, the beam then
being reflected towards a detector 26, such as a four quadrant
photodetector. The deflection detector is often an optical lever
system such as described in Hansma et al. U.S. Pat. No. RE
34,489, but may be some other deflection detector such as
strain gauges, capacitance sensors, etc. The sensing light
source of apparatus 25 is typically a laser, often a visible or
infrared laser diode. The sensing light beam can also be
generated by other light sources, for example a He—Ne or
other laser source, a superluminescent diode (SLD), an LED,
an optical fiber, or any other light source that can be focused
to a small spot. As the beam translates across detector 26,
appropriate signals are processed by a signal processing
block 28 (e.g., to determine the RMS deflection of probe 12).
The interaction signal (e.g., deflection) is then transmitted to
controller 20, which processes the signals to determine
changes in the oscillation of probe 12. In general, controller
20 determines an error at Block 30, then generates control
signals (e.g., using a PI gain control Block 32) to maintain a
relatively constant interaction between the tip and sample (or
deflection of the lever 15), typically to maintain a setpoint
characteristic of the oscillation of probe 12. The control sig-
nals are typically amplified by a high voltage amplifier 34
prior to, for example, driving scanner 24. For example, con-
troller 20 is often used to maintain the oscillation amplitude at
a setpoint value, Ag, to insure a generally constant force
between the tip and sample. Alternatively, a setpoint phase or
frequency may be used. Controller 20 is also referred to
generally as feedback where the control effort is to maintain
a constant target value defined by setpoint.

A workstation 40 is also provided, in the controller 20
and/or in a separate controller or system of connected or
stand-alone controllers, that receives the collected data from
the controller and manipulates the data obtained during scan-
ning to perform data manipulation operating such as point
selection, curve fitting, and distance determining operations.
The workstation can store the resulting information in
memory, use it for additional calculations, and/or display it on
a suitable monitor, and/or transmit it to another computer or
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device by wire or wirelessly. The memory may comprise any
computer readable data storage medium, examples including
but not limited to a computer RAM, hard disk, network stor-
age, a flash drive, or a CD ROM.

AFMs may be designed to operate in a variety of modes,
including contact mode and oscillating mode. Operation is
accomplished by moving the sample and/or the probe assem-
bly up and down relatively perpendicular to the surface of the
sample in response to a deflection of the cantilever of the
probe assembly as it is scanned across the surface. Scanning
typically occurs in an “x-y” plane that is at least generally
parallel to the surface of the sample, and the vertical move-
ment occurs in the “z” direction that is perpendicular to the
x-y plane. Note that many samples have roughness, curvature
and tilt that deviate from a flat plane, hence the use of the term
“generally parallel.” In this way, the data associated with this
vertical motion can be stored and then used to construct an
image of the sample surface corresponding to the sample
characteristic being measured, e.g., surface topography. In
one practical mode of AFM operation, known as Tapping-
Mode™ AFM (TappingMode™ is a trademark of the present
assignee), the tip is oscillated at or near a resonant frequency
of'the associated cantilever of the probe, or harmonic thereof.
A feedback loop attempts to keep the amplitude of this oscil-
lation constant to minimize the “tracking force,” i.e., the force
resulting from tip/sample interaction, typically by controlling
tip-sample separation (a controlled distance between the
probe and sample). Alternative feedback arrangements keep
the phase or oscillation frequency constant. As in contact
mode, these feedback signals are then collected, stored and
used as data to characterize the sample.

Regardless of their mode of operation, AFMs can obtain
resolution down to the atomic level on a wide variety of
insulating or conductive surfaces in air, liquid or vacuum by
using piezoelectric scanners, optical lever deflection detec-
tors, and very small cantilevers fabricated using photolitho-
graphic techniques. Because of their resolution and versatil-
ity, AFMs are important measurement devices in many
diverse fields ranging from semiconductor manufacturing to
biological research. Note that “SPM” and the acronyms for
the specific types of SPMs, may be used herein to refer to
either the microscope apparatus or the associated technique,
e.g., “atomic force microscopy.”

As with most measuring devices, AFMs often require a
trade-off between resolution and acquisition speed. That is,
some currently available AFMs can scan a surface with sub-
angstrom resolution. These scanners are capable of scanning
only relatively small sample areas, and even then, at only
relatively low scan rates. Traditional commercial AFMs usu-
ally require a total scan time typically taking several minutes
to cover an area of several microns at high resolution (e.g.
512x512 pixels) and low tracking force. The practical limit of
AFM scan speed is a result of the maximum speed at which
the AFM can be scanned while maintaining a tracking force
that is low enough not to damage or cause minimal damage to
the tip and/or sample. Great strides have been made in this
area in which SPM has achieved video scan rates with high
resolution for small samples and small scan sizes.

Nonetheless, given current limitations associated with
known modes of operation, including both TappingMode™
AFM and contact mode, improvements have been desired.
Again, in contact mode, lateral scanning of the tip creates
large forces between the tip and sample that can compromise
both. And when imaging soft samples such as biological
samples and polymers, the surface can be destroyed, render-
ing the measurement useless, or at least deformed severely,
thereby significantly compromising resolution. Note that
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“imaging” is used herein to indicate obtaining SPM data at
multiple points of a sample surface, typically by providing
relative scanning motion between the sample and probe and
correspondingly interacting the sample and probe.

TappingMode™ AFM is a lower force technique and is the
most widely used mode of AFM operation to map sample
surfaces, especially for delicate samples. The typical force of
the tip on the sample is about a few nN to tens of nN. Again,
by oscillating the tip, rather than dragging the tip, the shear
forces are minimized. That said, TappingMode™ AFM suf-
fers from a drawback in that it is difficult to control the normal
force acting on the sample surface. The user typically tries to
select a setpoint that is only a small variation from the free air
deflection/amplitude of the probe in order to minimize tip-
sample interaction forces to get the best reproduction of the
sample profile. The dilemma, especially for soft samples, is
that if the imaging force is too low, the tip will not track the
sample properly (i.e., maintain interaction with the sample
during the scan), while if too high, damage/deformation of
the sample may lead to an image that does not accurately
reflect surface topography. Overall, the better this force can
be controlled (i.e., the lower it can be maintained) the less
chance of sample and/or tip damage, and thus resolution can
be improved.

A review of the tip-sample forces in each of these modes
provides insight in to the limitations of each. When a probe
interacts with the surface through TappingMode™ AFM or
Jumping Mode™ (see, e.g., U.S. Pat. Nos. 5,229,606, 5,266,
801 and 5,415,027, the entirety of which are incorporated by
reference herein), the tip touches the surface periodically.
FIG. 2A illustrates the physical process within one period “T”
of'the tip motion. FIG. 2A shows tip trajectory in reference to
the sample surface position. FIG. 2B shows the correspond-
ing interaction force at the same time for tip trajectory at
various positions. At the peak positions A, , the tip is far-
thest from the sample surface and not interacting with the
sample. As the tip continues to move down toward the hori-
zontal axis (zero tip-sample separation) it will experience a
near-field van der Waals force, F,_, 4, causing the tip to snap
into contact with the sample through van der Waals attraction.
After touching the sample, the tip remains in repulsive inter-
action for time zone dT. During this time, the tip is continu-
ously contacting the sample. The positions below zero repre-
sent that the tip may have deformed the sample, causing its
position to be shown below the sample surface.

As the tip departs the surface after 8T, an attractive force
will develop a capillary meniscus, exhibiting a maximum
adhesion force F, .. right before the meniscus is broken
away. The tip then enters into a non-interactive region and
continues to a maximum departure position.

In the interaction free zone, when the probe is farther from
the surface, the interaction force is zero or sufficiently near
zero to form a baseline, as indicated in FIG. 2B. In FIG. 2B,
the force above the horizontal axis is repulsive while those
points below the horizontal axis represent a net attractive or
adhesive force. The maximum repulsive force F, . usually
corresponds to the lowest or smallest tip position or separa-
tion relative to the sample surface.

In prior known modes disclosed in TappingMode™ AFM
and JumpingMode™ AFM, the amplitude A, or RMS of
the tip oscillation amplitude is used as the feedback control
parameter. An example of such feedback control apparatus is
shown in FIG. 1.

In conventional control, typically implemented using a
gain control feedback loop, positioning actuators and a can-
tilever response detection component (quadrant photodetec-
tor, for example), the AFM uses detected probe deflection or
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an RMS signal corresponding to cantilever (i.e., probe)
motion as an indication of the tip-surface interaction and uses
the feedback loop to maintain constant or RMS deflection.

Yet a major limitation of conventional AFM is its inability
to acquire quantitative mechanical property information
simultaneously with the high-resolution imaging. AFM has
been primarily focused on topographical imaging. Little
progress has been made in achieving quantitative mechanical
mapping, including elasticity, plasticity, and work of adhe-
sion.

Moreover, TappingMode™ control uses amplitude or
phase of the measured deflection signal to control tip-surface
interaction using feedback. Notably, both amplitude and
phase are average properties of the probe/tip oscillation using
atleast one cycle of interaction. More specifically, the average
pertains to probe/sample interactions occurring in all the
positions in the tip trajectory (FIG. 2). Therefore, there is no
possibility for the control feedback to be based on substan-
tially instantaneous tip-sample interaction. Note that instan-
taneous interaction here refers to any point (for example,
within two microseconds) of interaction in FIG. 2B (dis-
cussed further below).

In addition, it is important to note that TappingMode™
AFM was created to overcome what is known as the stick-in
condition that occurs when probe touches the sample inter-
mittently. As the probe touches the sample, capillary force
will tend to catch the tip and prevent it from releasing. The
amplitude of probe oscillation in TappingMode™ will drop to
zero, thereby causing feedback oscillation. This problem was
overcome when using TappingMode™ by using probes hav-
ing a certain stiffness, usually 10 N/m (Newton/meter) to 60
N/m, with a nominal value of 40 N/m, while operating the
TappingMode™ AFM at an oscillation amplitude higher than
about 10 nm peak-to-peak. Under these conditions, as the
probe touches surface, the kinetic energy of the tapping probe
converts to enough static elastic energy to overcome the cap-
illary force, assuring steady amplitude in each cycle. One
drawback of this mode is that the kinetic energy stored in the
probe is also proportional to the cantilever spring constant.
When employing a lower spring constant cantilever, such as 1
N/m. TappingMode™ is impossible when measuring many
materials because the cantilever can not overcome the capil-
lary adhesion forces using its own resonance oscillation
energy. Consequently, most TappingMode™ applications are
only possible when one uses a stiff cantilever generally know
in the art as a lever.

In an alternate mode of operating an SPM, known as the
pulsed-force mode or PFM (see, e.g., U.S. Pat. No. 6,880,386
and U.S. Pat. No. 7,129,486), the amplitude of the oscillation
of the probe is adjusted so the tip goes in and out of contact
during each cycle. In this mode, control is provided by moni-
toring tip-sample interaction forces. It operates based on
properties associated with a force curve, another common
measurement made in the AFM field to measure material
properties at a particular location. Force measurements are
common, and can be mapped over an entire sample to create
what is known as a force-volume image.

InPFM, by analyzing the shape of the force-distance curve,
and using the data to control the forces acting between the tip
and the sample, the amount of data acquired is lessened
compared to other modes of SPM operation. Importantly,
PFM typically needs to operate at F,._, (discussed below) or
the peak pulse force, which substantially exceeds the adhe-
sion induced deflection, as well as coupling induced deflec-
tions. As a result, a high repulsive force is needed as a control
reference. Such high force could damage the sample or the
tip, and thus prevent acquisition of high resolution images.
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Moreover, PFM has other limitations, particularly with
respect to operating speed and resolution limitations, and
thus, though it has been implemented to image soft samples,
it has not been more widely adopted for all types of AFM
imaging applications. In addition, imaging in a fluid environ-
ment presents a further challenge to PFM since viscous force
in fluid produces large deflection even when the cantilever
probe is not interacting with the sample.

More particularly, a main reason why imaging speed is
limited in standard PFM AFM is illustrated in FIG. 2C. FIG.
2C is a graph of tip-sample interaction force versus time. The
interaction force is plotted as snap-to-contact at “A”, at which
point repulsive force (sample on tip) initiates at “B.” Peak
repulsive force occurs at about “C” as adhesive forces pull on
the tip until about point “D”, the point at which the tip releases
from the sample. Point E represents the deflection peak of the
cantilever probe when it departs from the sample. Points C
and E both present themselves as a peak in the deflection
signal. In order to assure that feedback controls tip-sample
interaction properly, the value of C should exceed E. In yet
another constraint in PFM, a certain ring-down period (cycles
of'the probe oscillation at its resonance frequency) is required
before it is possible to determine the baseline force needed to
continue the scan. It is this waiting for the cantilever to “ring-
down” (a free decay process, as in TappingMode™) that
limits the modulation frequency, and thus scan speed. More
particularly, modulation frequency is significantly less than
the probe resonance frequency (for example, a fifth or more
below the probe resonance frequency).

In addition to the above-noted issues, setup and operation
of the relatively complex and versatile AFM can be time
consuming and tricky, especially for a novice AFM operator
and/or a scientist or engineer not familiar with complex
metrology equipment. For example, setup and operating
parameter values typically depend on factors such as the type
of sample material including whether it is hard or soft, con-
ductive or non-conductive, organic, synthetic or biological in
nature, among other things.

In other measurement techniques such as scanning electron
microscopy (SEM), a sample can readily be mounted in the
instrument and a good image obtained with little user training
or expertise. However, AFM is often the preferred technique
given its ability to make a wide range of measurements
including multidimensional topography and mechanical
properties (elasticity, etc.). Nonetheless, AFM most often
requires expert knowledge of the tool and the measurements
to be made. In this regard, the user needs to locate a position
of interest, introduce the tip of the probe to the sample (by
moving either the sample or the probe). Then, once a mea-
surement scan is initiated, the user needs to make sure the tip
tracks the sample, typically by maintaining a stable feedback
loop.

Moreover, once a measurement has been made, interpret-
ing the data obtained is often a challenge. In general, these can
be time consuming tasks that most often require the knowl-
edge and experience of a physicist or electronics engineer,
with the limitations attendant to relying on human judgment.
Importantly, because AFM has the potential for wide appli-
cability, it would be advantageous if the AFM did not rely so
heavily on an expert’s ability to perform. For example, given
its ability to obtain unmatched material property measure-
ments, including maps of samples, biologists and material
science experts would more widely employ AFM if it were
easier to use. In this regard, ease of use would be aided if the
AFM and/or method of operation could minimize or elimi-
nate the challenges associated with both a) maintaining feed-
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back stability while making and preparing to make measure-
ments and b) interpreting the data obtained.

To address these issues, the fundamental challenges pre-
sented by AFM and its currently preferred operating modes
were considered. Initially, with respect to maintaining stabil-
ity in known AFM modes, controller adjustment is critical. In
most current commercial systems, the user must control both
the setpoint as well as the gain (I (integral) and P (propor-
tional)). With respect to the setpoint, control depends on the
mode. In contact mode, the instrument attempts to maintain
constant contact force between the tip and sample, which is
relatively straightforward. However, in the most widely used
mode of AFM operation, oscillating mode or Tapping-
Mode™ AFM described above, controlling the setpoint (tap-
ping amplitude or phase) is complicated because, most fun-
damentally, there is no straightforward relationship between
the setpoint and the tip-sample forces. The same setpoint
change can indicate either high or low tip-sample interaction
force, with cantilever dynamics (fundamental resonant fre-
quency, etc.) being highly influential, including with respect
to imaging in varying environments (fluid v. atmosphere, for
instance).

Stable and optimal feedback also requires applying appro-
priate gains. Generally feedback will become unstable under
high gain, and will have reduced tracking capability under
low gain. P and I gain are adjusted with the user typically
employing trial and error to make sure the feedback remains
stable, while also providing sufficient tracking capability.
However in TappingMode™ AFM, the feedback dynamics
are greatly influenced by setpoint, i.e., the same gain may
exhibit different feedback stability under different amplitude
setpoint. Because the gains do not operate independently, the
process of gain optimization is particularly complicated.

Stable feedback also requires applying appropriate gain
when a deviation in the oscillation from the setpoint is
detected. The gain must be adjusted to return oscillation back
to the setpoint. P and I gain are adjusted with the user typically
employing trial and error to make sure the feedback remains
stable. And because the gains do not operate independently,
the challenge is particularly complicated.

In response to the desire in the metrology field to have an
AFM system that maintains stable feedback with less expert
user participation, solutions have been proposed. Nonethe-
less, each has significant limitations.

In Rifai and Youcef-Toumi, entitled “On automating
atomic force microscopes: An adaptive control approach,” as
well as in Schitter et al., entitled “Fast contact-mode atomic
force microscopy on biological specimen by model-based
control,” higher order or model-based controllers are
employed over a standard P/I controller. Such controllers are
difficult to design and are inherently imperfect. Importantly,
such controllers require information related to system
dynamics prior to operation. Though they can be effective
when operating the AFM in contact mode, they typically have
difficulty working when the AFM is operated in Tapping-
Mode™ given that, as suggested above, system dynamics
change with varying setpoint.

In Astrom and Hagglund, a standard P/I controller is
employed, but the tuning required for stable operation is
automated. Astrom and Hagglund employ simple regulators
using specifications on phase and amplitude margins. In this
approach, the target system is most typically large plants with
slow time response. In particular, the time scale of the
response is usually minutes to hours. This characteristic is
essentially in direct contrast to an AFM system in which
response time is milliseconds and the Q of the response is
high (low energy dissipation). In other words, automatic tun-
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ing of the controller as taught by Astrom and Hagglund (using
simple regulators with slow response times) would not work
for most AFM applications.

In another system, disclosed in Rice et al. (U.S. Pat. No.
7,513,142), the system works to detect the onset of instability,
and then makes a correction. However, because the time
period between the onset of instability and out of control
instability (i.e., instability of a magnitude requiring stopping
and restarting the measurement process) is so short, it is
difficult to implement control before having to stop the mea-
surement process. As understood in the art, hysteresis is pri-
marily responsible when the system is not able to respond
quickly enough. Moreover, in this solution the system makes
ajudgment based on the measured oscillation. An acceptable
noise amplitude is defined, and if that amplitude is exceeded,
the system adjusts the gain. One main issue concerns the fact
that the noise amplitude is so complicated, particularly when
operating the AFM in TappingMode™, and when measuring
certain types of samples. In TappingMode™ AFM, the oscil-
lation is a non-linear representation of the interaction force
between the tip and sample. Therefore, controlling the tap-
ping amplitude, for instance, provides an indirect control of
the tip-sample interaction force. This indirect control of the
interaction force is susceptible to the effects of variables such
as oscillation harmonics and system oscillation, including
from the piezo actuator itself and the mechanical components
of'the AFM. It is these Tapping Mode dynamics that make it
extremely difficult to develop a robust control algorithm,
particularly when imaging may occur in varying environ-
ments.

As a result, though this system does not require user input
to make a judgment, its ability to decipher the measured
oscillation and modify the control when the system is aboutto
become unstable is limited. Again, in TappingMode™ AFM,
system dynamics depend on both setpoint (e.g., amplitude or
phase) and gain, which severely complicate the ability to
develop a control algorithm that can accommodate instabili-
ties.

In sum, while past attempts have been made with AFMs to
automatically adjust gain, this method also has not proven
particularly effective. Known methods may not be able to
handle both sample topography and operating parameters,
such as setpoint, actuator hysteresis and tip shape, which can
unpredictably and adversely impact any attempt to maintain
stability through gain adjustment. As a result, automatic gain
adjustment is largely ineffective.

Again, this is not surprising in view of the numerous scan
parameters that must be taken into account in AFM setup and
operation, along with those that can require adjustment dur-
ing AFM operation. For example, a user may need to adjust
such scan control parameters as setpoint, scan speed, propor-
tional gain, integral gain, drive frequency, drive amplitude
and other parameters. Without great care, considerable expe-
rience, and sometimes a little luck, tip, cantilever or sample
damage can occur, poor or unusable results can be obtained,
and, in instances where everything appears to be operating
well, operational inefficiencies can be so great that scanning
time is nowhere near optimal, which is particularly problem-
atic for high throughput applications such as those in the
semiconductor industry.

At present, if the value of any one of the several manually
selected control parameters is not at or within a reasonable
range of its optimum, poor performance and unacceptable
data will likely result. In addition, relatively complex inter-
dependencies existing between certain AFM parameters
often make setup a trial and error procedure, even for the most
experienced AFM operators.
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In performing AFM setup, the values for several control
parameters must be set along with feedback loop gains for
different operational modes and other instances where setting
up such gains is required. Setup must take into account and
configure for parameters such as scan size, pixels per line,
number of scan lines, scan rate, tip scanning speed, digital-
to-analog (D/A) resolution, Z-center position, i.e., Z-center
voltage or the center of the Z piezo operation range, tip wear
control, and sample damage minimization.

When an AFM is set-up to operate in an oscillatory mode,
such as TappingMode™, setup must include choosing an
amplitude and setpoint associated with the oscillation. More-
over, initial values for integral gain (I-gain), and proportional
gain (P-gain) are also manually set. Selecting gain values can
be tricky because it typically depends on factors such as the
nature of the oscillatory mode being employed, sample
topography, the hardness and/or roughness or any other
mechanical characteristics of the sample and medium in
which it is located, as well as other factors. For example,
where gain is set too low, system response tends to be rela-
tively slow, which can result in the tip not tracking the sample
surface. Where gain is set too high, the feedback loop can start
oscillating or backfeeding upon itself, which can undesirably
add considerable noise to the sample image being generated.

In addition, the gain setup may be fine initially, only to be
unsuitable later once some other factor, such as topography
changes. For instance, where the sample is relatively rough,
gain typically should be set higher in order to image such high
featured topography with any resulting increase in feedback
oscillation noise being tolerable. Where the sample is rela-
tively smooth or flat, gain should be set lower to minimize
noise. By keeping noise low with low gain, better resolution
of flat areas is achieved, thereby enabling the AFM to better
image its finer details. However, as understood in the field,
excessive noise can adversely affect imaging along flatter
areas of the sample where an initially high gain setting ends
up being too high when the sample flattens out. Conversely,
an initial low gain setting frequently impedes imaging of
higher features of the sample producing an image with such
higher features being either distorted or missing.

These setup considerations become even more problematic
when operating in TappingMode™ because the highest use-
able gains typically depend on cantilever dynamics. Cantile-
ver dynamics are a function of the free air tapping amplitude
and setpoint and thus tuning the gains is very difficult, espe-
cially for the novice user. Indeed, factors such as cantilever
dynamics and Z-actuator response speed can create such dif-
ficulty in setting the initial setpoint and gains, the operator
often resorts to trial and error until the sample image starts to
look good.

Unfortunately, because one can affect the other, trial and
error can go on for a long time. For example, as setpoint is
lowered, gain can be set higher and vice versa. However,
while lower gains may permit a lower setpoint to be used,
which typically increases cantilever response, it also
increases error generation rate, which can undesirably blur or
otherwise distort the image being produced during scanning.

In the end, what often results is the operator setting some
initial parameter values, gains and setpoint and then manually
adjusting the value of each, one-by-one until feedback oscil-
lation occurs and then backs off. While this process may work
reasonably well for experienced AFM operators, it is ineffi-
cient, time consuming, and quite often, less than optimal. In
addition, it does nothing to address the dynamic nature of
AFM imaging, which often requires an operator to either
change certain settings on the fly during operation or to
observe the image, etc., and go back and re-scan those parts of
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the sample that are poorly imaged with adjusted parameter
values. Once again, this process can be extremely slow.

As a result, the field of scanning probe microscopy was in
need of what one might call a “point and shoot” solution for
imaging and mechanical property measurement on a wide
array of samples that preferably is easy to use, as well as
capable of minimizing the forces generated by tip-sample
interaction while also maintaining fast imaging speeds.

SUMMARY OF THE INVENTION

The preferred embodiments take advantage of the new
mode of AFM operation known as Peak Force Tapping (PFT)
Mode™ (PFT Mode and PeakForce Tapping Mode are trade-
marks of Bruker Nano, Inc., Santa Barbara, Calif.), in its
design of a control scheme that minimizes the need for a
skilled and experienced user. PFT Mode essentially elimi-
nates the need for the user to tune the gain while imaging.
Moreover, PEFT Mode enables further ease of use of an AFM
by providing the ability to automatically control operating
parameters such as the setpoint, Z-limit and scan rate.

Fundamentally, the preferred embodiments are directed to
an AFM that limits the need for an expert user and are realized
by employing PFT Mode which operates to move the tip
substantially perpendicularly to the sample surface to cause
the tip to interact with the sample, and then depart from the
sample. The feedback circuit uses instantaneous interaction
force (e.g., substantially orthogonal to the sample surface) at
any interaction point, preferably using the maximum repul-
sive force. This new mode of operation takes advantage of the
instantaneous response of the probe upon tip-sample interac-
tion (no need to wait for ring-down like prior techniques, the
present technique determines a baseline or zero force refer-
ence and forcefully substantially instantaneously brings the
tip back to the surface), using the feedback loop to maintain a
steady state interaction, and to control tracking of the tip on
the sample. By moving the tip perpendicularly to the sample
surface, this mode shares the advantages of TappingMode™
AFM to at least substantially eliminate friction forces during
raster scanning or other relative probe sample motion in the
XY plane. In addition, the implementation of this mode mini-
mizes parasitic coupling so that a far more sensitive force
control than PFM and TappingMode™ AFM can be accom-
plished (at least three (3) orders magnitude). In doing so, the
lowest force imaging (using alternating force) known in the
AFM art is realized and directly controlled, thus allowing the
AFM to provide improved high resolution images exceeding
TappingMode™ AFM at speeds exceeding typical Tapping-
Mode™ AFM speeds (TappingMode™ bandwidth is below 1
kHz).

An added benefit of PFT mode is that each cycle of the
vertical movement produces a force curve, or multiple force
curves at each pixel, allowing simultaneous acquisition and
mapping of height and mechanical property data. This
method is therefore called Peak Force Tapping (PFT) mode
since it generates and analyzes each and every individual
force curve, then measures and controls the AFM based onthe
corresponding peak interaction forces during each instance of
the tip tapping on the sample, with imaging speed higher than
TappingMode™ imaging speed.

In accordance with a first aspect of the invention, a method
of operating a SPM includes generating relative motion
between a probe and a sample and detecting motion of the
probe. The method recovers, from the detected probe motion,
a probe-sample interaction that is substantially independent
of'parasitic probe deflection (i.e., parasitic cantilever motion).
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In another aspect of the invention, a method of operating a
SPM includes generating an image while maintaining a maxi-
mum repulsive probe-sample interaction force of no more
than about 10 pN during each cycle of substantially perpen-
dicular cyclical movement of the tip relative to the sample.
Such interaction force can be directly controlled and accu-
rately calibrated.

According to another aspect of the invention, a method of
operating an SPM includes generating an image for at least 1
hour with peak force of less than 5 nN, without user interven-
tion, while maintaining an image resolution better than 5
nanometers regardless of environment, including ambient,
gaseous, fluid and vacuum.

In another aspect of the invention, a method of operating an
SPM includes generating at least one force-distance curve for
each imaging pixel. The force-distance curve can be used to
produce accurate measurement of one or more of van der
Waals adhesion, elasticity, work of adhesion of tip-sample
interface, plasticity such as hardness and viscoelasticity.

According to another aspect of the invention, the Peak
Force Tapping method of operating an SPM includes using
cantilevers with spring constants equal to about 0.01 N/m to
1000 N/m (which can enable the capability to map mechani-
cal properties over a range from about 10 kPa to 100 GPa).
This range of applicable cantilevers is several orders of mag-
nitude wider than cantilevers generally applicable to Contact-
Mode AFM (0.01-1 N/m) and TappingMode™ AFM (1 N/m-
40 N/m).

A SPM configured in accordance with the invention could
be used to scan a wide variety of samples, including patterned
wafers, biological samples in ambient and fluid, polymers,
thin films, and data storage device component.

According to a further aspect of the invention, a method of
operating a SPM includes interacting a tip of a probe with a
sample, then terminating the interaction, resulting in a decay-
ing probe oscillation. Thereafter, the method repeats the inter-
action before ring-down of the decaying probe oscillation is
substantially complete, and detects the motion of the probe.

In another aspect of the invention, a method of operating a
scanning probe microscope (SPM) includes generating rela-
tive motion between a probe and a sample, and then detecting
motion of the probe. In addition, the method includes recov-
ering, from the detected probe motion, a substantially instan-
taneous force between the tip and sample. Preferably, the
method also automatically controls the generating step to
maintain a feedback setpoint.

In another aspect of the invention the control loop controls
the interaction force at a pre-determined synchronization dis-
tance. Synchronization distance is defined as the time from
the start of a modulation period to the time corresponding to
the point chosen to control feedback. The instantaneous force
occurring at this time point is used as the feedback control
parameter, usually chosen as the point where the peak repul-
sive force occurs.

Again, Tapping Mode is complicated by a) indirect force
control and b) cantilever resonance dynamics of multiple
harmonics modes. Another major drawback is that neither
amplitude nor phase of the probe oscillation during data
acquisition has a monotonous relationship with tip-sample
interaction force. As a result of these complications, subjec-
tive judgment must be employed in the feedback optimization
process to acquire a desired image, which often means that
the user must be an AFM expert to achieve a high quality
image, with minimal interaction force, and with the best
stabilized (most robust) feedback. The synchronized peak
force control of the preferred embodiments (PFT Mode)
eliminates the complications due to cantilever dynamics, as
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well as the complications induced by cantilever resonance
and its harmonics. Also, for the first time, PFT Mode uses
interaction force directly as the feedback control parameter.
Even in contact mode AFM, constant drift of the cantilever
deflection due to thermal or other system factors makes accu-
rate force control impossible. In Peak Force Tapping Mode,
the system re-establishes the non-interacting baseline by
moving the probe far from the sample in each interaction
period. This process allows accurate determination of the
interaction force every time the probe interacts with the
sample. Through direct force control and elimination of the
complications due to cantilever dynamics, the criteria
required to achieve the highest quality images became
monotonous. As a result, automation of the control loop can
be implemented by designing an appropriate computer pro-
gram. The subjective judgment of an expert user, based on her
past experience of, for example, imaging a similar sample, to
optimize feedback performance is also eliminated.

In yet another aspect of the invention, the automatically
controlling step includes automatically determining a mini-
mum interaction force required for control based on the noise
background of the system. It is this minimum interaction
force that can be used as the setpoint in the control feedback
loop.

In yet another aspect of the invention, the automatically
controlling step includes determining feedback instability
within less than 5 tip-sample interaction periods (for
example, 2.5 ms), about 100 times faster than an expert’s
visual judgment.

In yet another aspect of the invention, the automatically
controlling step includes automatically controlling a gainin a
corresponding feedback loop.

In a further aspect of the invention, the method includes
automatic Z-limit control, and preferably automatic scan rate
control.

These and other features and advantages of the invention
will become apparent to those skilled in the art from the
following detailed description and the accompanying draw-
ings. It should be understood, however, that the detailed
description and specific examples, while indicating preferred
embodiments of the present invention, are given by way of
illustration and not of limitation. Many changes and modifi-
cations may be made within the scope of the present invention
without departing from the spirit thereof, and the invention
includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred exemplary embodiments of the invention are
illustrated in the accompanying drawings in which like ref-
erence numerals represent like parts throughout, and in
which:

FIG. 1 is a block diagram of a conventional atomic force
microscope, appropriately labeled “Prior Art”;

FIG. 2A is a graph of tip-sample separation versus time in
oscillation AFM modes;

FIG. 2B is a graph of interaction force versus time in
oscillation AFM modes;

FIG. 2C is a graph of an SPM force curve illustrating probe
sample interaction, “ring-down” and illustration of a second
probe sample interaction;

FIG. 3 is a graph of force versus time illustrating determin-
ing instantaneous force for feedback control according to the
preferred embodiments;

FIG. 4A is a schematic graph illustrating probe deflection
versus time illustrating tip sample interaction force modu-
lated periodically with parasitic oscillations in the system;
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FIG. 4B is a schematic of cantilever probe response versus
time with only hydrodynamic background oscillation due to
parasitic sources;

FIG. 4C is a graph of deflection error versus time after
subtraction of hydrodynamic background oscillation;

FIGS.5A-5C is a series of graphs of a) deflection response
before background subtraction, b) the subtracted background
and c) the deflection error versus time after subtraction of
hydrodynamic background oscillation;

FIG. 6A is a schematic illustration of force versus time
illustrating the baseline averaging method of the preferred
embodiments;

FIG. 6B is a graphic illustration of tip-sample separation
versus time;

FIG. 6C is a graphic illustration of cantilever deflection
versus time;

FIG. 7 is a schematic graph of force versus time illustrating
the prior art technique of averaging to a force over an entire
cycle (RMS) to detect tip sample interaction;

FIG. 8A is a schematic force versus time curve illustrating
the gated average repulsive force control according to the
preferred embodiments;

FIG. 8B is an illustration of an input synchronization signal
sent with the force response due to tip-sample interaction to
realize gated average repulsive force control according to the
preferred embodiments;

FIG. 9A is a schematic illustration of a series of force
curves used in synchronous averaging according to the pre-
ferred embodiments;

FIG. 9B is a graph illustrating a synchronization signal sent
with the deflection applied in the force curve of FIG. 9A;

FIG. 9C is a graph illustrating a force curve signal after
several cycles of synchronous averaging of FIG. 9A;

FIG. 10 is a schematic block diagram of an AFM operable
in PFT Mode, according to one embodiment;

FIG. 11 is a flow diagram illustrating a method according to
the preferred embodiments;

FIG. 12A is a schematic graph of a force curve illustrating
the system setpoint and measured deflection;

FIG. 12B is a schematic illustration of the feedback error
produced according to prior art methods that control AFM
operation by triggering on force after completion of one
modulation cycle;

FIG. 12C is a schematic illustration of the feedback error,
similar to FIG. 11B, according to the preferred embodiments
of the present invention:

FIG. 13 isaflowchart illustrating a method according to the
preferred embodiments illustrating deflection background
subtraction;

FIG. 14 is a flow diagram illustrating cantilever deflection
background subtraction using a lock-in amplifier, according
to the preferred embodiments;

FIG. 15 is a flow diagram illustrating deflection back-
ground subtraction in a normal engage process;

FIG. 16 is a flow diagram illustrating deflection back-
ground subtraction in a sewing engage process;

FIG. 17 is a graph of force versus time illustrating baseline
calculation according to the preferred embodiments;

FIG. 18 is a graph of force versus time illustrating an
algorithm used to determine instantaneous interaction force;

FIG. 19 is a flow diagram illustrating a method of instan-
taneous force control imaging;

FIGS. 20A and 20B are graphs illustrating force versus
time and z position respectively, when using instantaneous
force control imaging according to the preferred embodi-
ments;
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FIGS. 21A and 21B are AFM images illustrating deep
trench measurements using TappingMode™ AFM and
instantaneous force control mode according to the preferred
embodiments;

FIG. 22A is a graph of force versus tip-sample separation,
illustrating small amplitude repulsive force mode (SARF)
according to the preferred embodiments;

FIG. 22B is a graph illustrating force versus time for the
SARF mode;

FIG. 23 A is a graph of force versus tip-sample separation,
illustrating small amplitude attractive force mode (SAAF)
according to the preferred embodiments;

FIG. 23B is a graph illustrating force versus time for the
SAAF mode;

FIG. 24A is a schematic graph of feedback tracking signal
versus scan position showing a sample profile and the corre-
sponding tracking signal (height) during AFM imaging, illus-
trating the difference between stable and unstable feedback;

FIG. 24B is a schematic graph the feedback error signal
corresponding to the height signal of FIG. 24A;

FIG. 25 is a schematic graph of spectrum amplitude versus
frequency, illustrating a feedback signal spectrum which is
used to detect instability of the feedback loop according to a
preferred embodiment;

FIGS. 26A-D is a series of schematic graphs illustrating
parachuting detection indicating that the tip-sample interac-
tion force is at about the baseline during a parachuting event;

FIG. 27 is a schematic diagram of an AFM according to the
preferred embodiments, illustrating gain control in the feed-
back loop;

FIG. 28 is a schematic diagram of the oscillation detection
algorithm of FIG. 27,

FIGS. 29A-D is a schematic illustrations of the data re-
sampled and processed by the oscillation detection algorithm
of FI1G. 28;

FIG. 30 is a diagram illustrating an implementation of a
preferred embodiment of operating an AFM in PFT Mode;

FIG. 31 is a flow diagram of a scan rate control algorithm
for use in PFT Mode;

FIG. 32A is a schematic graph of tip-sample interaction
force when scan rate is substantially optimized;

FIG. 32B is a schematic graph of tip-sample interaction
force when scan rate is not substantially optimized;

FIG. 33 is a diagram illustrating a method of Z-limit con-
trol according to a preferred embodiment; and

FIG. 34 is a schematic tip-sample interaction force diagram
illustrating tip radius monitoring using the techniques of the
preferred embodiments.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The preferred embodiments are directed to a Peak Force
Tapping (PFT) Mode of AFM operation in which the interac-
tion force between the probe (tip) and sample is monitored
and used to control tip-sample separation at very low forces,
yet without compromising scanning speed. The techniques
described herein provide high resolution by maintaining
probetip-sample forces low, and realizes essentially real-time
property mapping of sample surfaces. The preferred embodi-
ments are inherently stable and thus facilitate long-term force
control while maintaining the ability to acquire high integrity
data (improved resolution). Moreover, because tuning is not
required, unlike conventional TappingMode™ AFM, the
AFM setup is faster and easier than with other AFM modes.
The key concepts driving the PFT Mode are illustrated
graphically and discussed herein.
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Practically, there were three major issues to be resolved
before AFM control using instantaneous interaction force
could be implemented. These issues were 1) accommodation
of'deflection background due to coupling; 2) determination of
abaseline; and 3) determination of the instantaneous force, as
defined herein.

In FIG. 2A, a cycle of modulation that approaches and
separates the probe from the sample (for example, using a
drive to cyclically modulate probe-sample separation) is rep-
resented by a period T. The zero position (horizontal axis)
represents the surface while the vertical axis is the separation.
When the probe-sample separation crosses the horizontal
zero line, the tip is in direct contact with the sample, as
represented by region 8T (the window of tip-sample contact).
The interaction force corresponding to this region is plotted in
FIG. 2B.

With further reference to FIGS. 2A and 2B, A, is the
maximum separation of the tip apex from the sample; F
is the van der Waals adhesion force; and F, .. is the maxi-
mum adhesion due to capillary interaction and work of adhe-
sion between the tip and the sample surface. Both repulsive
force and adhesive force are calculated relative to the baseline
as shown in FIG. 2B. It should be noted that the force refer-
enced here is the total force acting on the entire tip which is
typically, pyramidal-shaped. In fact, the very apex portion can
enter the repulsive zone while the total force remains attrac-
tive. In this case, the feedback can still use the apex repulsive
interaction force at the predefined synchronization position
(defined as discussed below) for feedback, even though the
total force at this point is attractive. This provides the benefit
of operating with the minimum interaction force with the
highest imaging resolution since the control is determined by
the apex repulsive interaction which arises from the Pauli and
ionic repulsions between the atoms of very apex of probes and
the atoms or molecular of samples.

It is important to differentiate cantilever deflection and
tip-sample interaction force. While cantilever deflection is
used to gauge the tip-sample interaction force, not all the
deflection represents tip-sample interaction force; namely,
parasitic forces contribute to cantilever deflection. For
example, as shown in FIG. 2C, the cantilever deflection is
plotted as a function of time, the figure representing actual
deflection data. The oscillation after point “D” is due to can-
tilever free resonance decaying with time. This resonance
deflection is not caused by tip surface interaction and is con-
sidered a parasitic deflection contribution (typically corre-
sponding to parasitic cantilever or probe motion). Point E
represents a maximum point of deflection at which the tip is
not interacting with the sample. The “flat” portion of data also
could have a slower variation of the deflection, when the tip is
not interacting with the sample, typically caused by mechani-
cal coupling of parasitic forces. Such coupling could be dueto
the modulation actuator itself, and/or cantilever response due
to damping forces from air or fluid. It can also arise from laser
interference. These parasitic effects will be further illustrated
in subsequent figures.

In known force control systems, the control is based on a
maximum force occurring in a period. Hence the repulsive
force must be higher than any of the parasitic contributions to
deflection for true tip-sample interaction to be differentiated
from parasitic forces and historically used by the feedback
loop. This force differentiation requirement required a rela-
tively high imaging force that could damage the tip and/or the
sample, thereby preventing the system from achieving high
resolution.

a_vdw

10

15

20

25

30

35

40

45

50

55

60

65

16

In a preferred embodiment, the RMS or constant deflection
is replaced by an instantaneous interaction force F, , deter-
mined according to FIG. 3, with the controller setpoint being:

OFr=F,_~F yuseiine Equation (1)

F .seiime 18 the interaction force when the probe is not contact-
ing the sample. It should be zero. In AFM, the force is usually
represented by cantilever deflection. In this case, F . ;i
corresponds to the cantilever deflection when the tip is not
interacting with the surface. F, ; is the interaction force when
the tip is at close proximate contact with the surface. A syn-
chronization algorithm is used to align the start time of each
drive period, so that the region 0T (FIGS. 2A-2B) coincides
with the repulsive force and its maximum F, . The time
from the start of the period to the occurrence of the F, axis
the synchronization time, which can be precisely determined
and controlled (described further below). Synchronization
time distance (Sync Distance) can be determined by measur-
ing the phase delay between the deflection response and the
modulation drive signal. Once the Sync Distance is deter-
mined (when the probe is stationary in the xy direction), the
same Sync Distance is used throughout all Xy raster scanning
positions. During imaging, the feedback operates to maintain
F, ; substantially constant while the value of F, , is deter-
mined by the Sync Distance. Note that the Sync Distance can
also be generalized as the distance from the starting of the
modulation period to the instant of interaction.

The synchronizing distance or Sync Distance can be pre-
cisely controlled. For example, if the tip oscillation period T
is 100 ps, when the synchronizing distance is 48 us, the
interaction force occurring at the 48th ps will be used as the
feedback control parameter. The feedback loop will try to
maintain an instantaneous interaction force F, , (i=48 us) at
the 48th ps from the start of the period. In more general
applications, any point of interaction force within the inter-
action region 8T can be used for feedback. 8T can also extend
beyond the marked region in FIG. 2B to include the region of
F, vaw (van der Waals attractive region) and F,  (the cap-
illary adhesive region). The capillary adhesive regi”gn canalso
be adhesive interaction due to bonding force induced by func-
tionalized probes and specific bonds on the sample.

To achieve an accurate measurement of the baseline, mul-
tiple deflection data points are gathered when the tip is not
interacting with the sample and used to generate an averaged
baseline level. Again, the non-interaction region (greatest
separation/highest distance) can be determined by the Sync
Distance because this region should be around the half cycle
of the modulation period after the peak force position. The
Sync Distance also determines the feedback force operating
point, and the actual force is measured by dFr. 6Fr can be
either negative or positive.

Due to adverse affects of drift (e.g., thermal) on the deflec-
tion signal, the corresponding force F, ; may vary over time.
The relative force dFr (relative to baseline determination)
preferably is used for feedback control instead of F,. ; because
it is a more accurate reflection of tip-surface interaction. This
relative value removes the adverse influences due to system
drift on cantilever deflection.

dFr also represents a controllable force by the feedback
loop such that dFr remains constant over time at various
positions as the tip scans across the sample.

In FIG. 4A-4C, the cantilever response, when interacting
with the sample surface, is a mixture of the tip-surface inter-
action force and the background coupling. Such response is
exhibited schematically in FIG. 4A as “Original.” The real
tip-sample interaction force is only at the F, _portion (shown
in 4C), which is buried within the backgroﬁnd of parasitic



US 9,274,139 B2

17

cantilever or probe motion. By subtracting the background
from the original data (for example, probe motion including
due to both interaction forces and parasitic forces), the mag-
nitude of the interaction force can be obtained. The back-
ground, illustrated as 4B, can be caused by mechanical cou-
pling of resonances from the AFM system, and/or cantilever
response to its environmental medium, such as air and fluid. It
can also be induced by laser interference as the cantilever
moves relative to the sample. The common characteristic of
the background is that cantilever deflection displaying peri-
odic change is similar to the tip trajectory, even when the tip
is not interacting with the sample. A successful subtraction of
background experimental data is shown in FIGS. 5A-5C.

More particularly, FIG. 5A shows a schematic illustration
of the original probe deflection versus time. As noted, the
deflection of the probe is highly influenced by parasitic
sources that may be used to control tip-sample interaction. As
shown, these periodic parasitic deflections are represented by
the low frequency signal that we refer to herein as the “hydro-
dynamic background,” for example or parasitic force in a
more general term. The contribution to the probe deflection
by these parasitic forces (including hydrodynamic forces,
drag forces and air, off-axis motions, laser inference and any
other periodic motion occurring when the probe is not inter-
acting with the sample) is large. The actual tip-sample inter-
action force which should be used as the control signal in the
preferred embodiments is superimposed on the parasitic
background signal (FIG. 5B), so it can be a challenge detect-
ing the actual tip-sample interaction forces. Stated another
way, the minimum controllable force is determined by the
background contribution to probe deflection (shown in FIG.
5A as the Min. Controllable Force,; ,—range of about less
than 1000 micro-newtons to less than 10 pico-newtons).
Notably, as is always the case, a noise signal “N”” having a low
amplitude relative to both the parasitic force contribution to
the deflection and the contribution to the deflection by the
tip-sample interaction force, is present.

Turning to FIGS. 5B and 5C, one key concept to the present
preferred embodiments is the subtraction of the parasitic
background signal (FIG. 5B) from the deflection signal, as
noted, thereby lowering the minimum controllable force. The
background signal is determined by increasing tip-sample
separation sufficiently to a controlled distance so that the
probe does not interact with the sample, i.e., only parasitic
forces are contributing to the detected deflection of the probe.
The controlled distance is typically greater than 100 nm,
though it can be less, ideally being a distance at which long
range interaction forces do not contribute to probe deflection.
As shown in FIG. 5C, the tip-sample interaction force contri-
bution to the deflection after subtracting the parasitic back-
ground renders a deflection signal having clear peaks associ-
ated with the tip-sample interaction. Notably, the non-
periodic noise will always be present, and in this case,
determines the minimum controllable force as shown in FIG.
5C (Min. Controllable Force,y,). For a very soft cantilever
with a spring constant of 0.01 N/m and cantilever length of
100 um, this force can be about 1 pN

It becomes clear that the minimum controllable force
employable when performing parasitic background subtrac-
tion is lessened greatly (by, for example, three (3) orders of
magnitude), allowing the preferred embodiments to control
tip-sample separation so the probe-sample interaction forces
are reduced to the pN range. The way in which this subtrac-
tion may be accomplished in the hardware is described further
below with respect to FIG. 10.
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In FIG. 10, “Z” represents a direction perpendicular to the
sample surface, indicating the vertical position between tip
and sample surface, generally referred as the tip position.

Overall, it is primarily this ability to detect such small
forces, and to use such forces as a control parameter in an
SPM feedback loop, that allows an SPM operating according
to the present invention to image a sample using what is
referred to herein as “instantaneous force control.” Instanta-
neous force control using real-time force detection offers
improved control, thus improving image resolution and mini-
mizing the chance for sample damage. In this context, real-
time or instantaneous force detection implies that essentially
each point of the varying force illustrated, for example, in
FIG. 3 can be detected by the preferred embodiments and
used instantaneously to control SPM operation. In other
words, the varying forces acting on the probe due to probe-
sample interaction during each cycle of the interaction
between the probe and sample [or during each cycle of the
modulation of the separation between the two, i.e., the force
curve modulation] are detected and may be used by the AFM
to image the sample in real-time. This instantaneous force
control is used to provide AFM control at any interaction
point within what would be one cycle of the modulation of the
probe-sample separation. Because control is provided prior to
completion of any would-be cycle of modulation (prior to the
next approach), the feedback delay is greatly reduced. This
will be shown further in connection with FIGS. 12A, 12B and
12C.

Yet another benefit in the peak force tapping control is that
it does not need to be operated near the cantilever resonance
frequency. Such operation can substantially eliminate canti-
lever delay due to transient resonance response, rendering
instantaneous interaction control possible.

Turning next to FIG. 6, the preferred embodiments also
allow the AFM to operate at high speed by performing base-
line averaging of the force curve to extract a zero force point
quickly, and allow the system to cause the probe to interact
with the sample with little time delay. In contrast to prior
techniques represented by F1G. 2C, the modulation frequency
of'the present AFM is not limited by the requirement that the
system wait to re-establish probe-sample interaction until
probe “ring-down” completed (after the tip jumps off the
sample surface, the decaying of probe oscillation to about 1/e)
to stabilize the imaging system. The time required for ring-
down is determined by the cantilever dynamics which are
proportional to Q/f, where Q is the quality factor of the
cantilever and f is the cantilver resonance frequency—typi-
cally tens of milliseconds for a conventionally used cantilever
to stabilize. In the preferred embodiments, as shown in FIG.
6, upon ring-down, a few cycles of the cantilever resonance
frequency are averaged to determine a zero force point (i.e.,
an at-rest baseline position) in essentially real time, and allow
the system to cause the probe to interact with the sample much
quicker than the system illustrated in FIG. 2C. In fact, by
conducting an average of even one cycle of the cantilever
resonance frequency upon ring-down, a robust estimation of
the zero point (baseline) can be realized. As a result, modu-
lation frequency can be increased significantly without com-
promising system stability. Moreover, the added benefit of
operating faster, of course, is reducing the effect of noise
within the system.

For measurement with very sensitive force detection, very
soft cantilevers (spring constant 0.01 N/m to 0.3 N/m) are
typically used. These levers have lower resonance frequency
and very long ring-down time. More importantly, the adhe-
sion induced oscillation (snap out of contact) is much stron-
ger, as shown in FIG. 6C. In FIG. 6C, the deflection response
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of a soft cantilever is plotted as a function of time. The tip
trajectory is also plotted as a position reference (FIG. 6B). As
can be seen, the parasitic oscillation of the cantilever far
outweighs the interaction force, making control basically
impossible. Previous to the present invention, a user would
have to wait long enough for the oscillation to disappear so
that F, , becomes the only maximum, in order to have a
steady control of the feedback. As the cantilever gets more
sensitive, waiting for ring-down becomes prohibitively time
consuming. The preferred embodiments of the present inven-
tion determine the baseline by separating the interaction zone
and non-interaction zone through synchronous alignment to
the closest position between the probe and the sample. A
region corresponding to an “interaction zone” is locked
through a synchronous marker, a reference trigger signal at
the beginning of each cycle. Any point of deflection in this
region can be used as the feedback parameter for steady state
interaction control. All deflection data outside the interaction
zone are averaged to a constant and used as the baseline for
calculating AF, in FIG. 3. By combination of the baseline
detection and synchronous control, the relative force 6F can
be accurately determined instantaneously and controlled.
Such control allows F, , to be far below parasitic deflection,
as illustrated in FIG. 6C.

Steady state again means a constant maximum force or a
constant minimum force, or a combination of the character-
istics of the interaction force curve shape in each cycle of the
probe/sample relative motion.

Another major advantage of the present techniques is the
ability to determine the baseline with high amplitude oscilla-
tory data. Since the resonance frequency of the cantilever is
known, in an alternative embodiment, the average can be
determined in the non-interacting zone by analyzing an inte-
ger multiple of cycles of the cantilever resonance frequency.
The integer cycle averaging can effectively remove the oscil-
latory deflection data, yielding a constant baseline.

Notably, cantilever resonance frequency can also be deter-
mined by known techniques such as frequency sweep and
thermal tune.

Turning next to FIGS. 7 and 8A and 8B, the preferred
embodiments also employ something referred to herein as
“gated average repulsive force control.” FIG. 7 schematically
shows probe deflection, including a series of interaction peri-
ods, upon AFM operation. Prior control techniques using
force as a control parameter average the total force over the
entire cycle of tip-sample interaction, yielding an RMS value
for comparison to the force setpoint. As understood in the art,
the forces illustrated by the force curve are complex. Both
repulsive and attractive forces operate on the probe tip during
a cycle, as described above. By including, for example, the
attractive force portion (C-D in FIG. 2C) which tends to
cancel repulsive force, force sensitivity and imaging resolu-
tion are most often compromised.

Turning to FIGS. 8A and 8B, gated average repulsive force
control is illustrated. In this embodiment, a system synchro-
nization signal such as that shown in FIG. 8B is used to “gate”
the repulsive force portion (B-C in FI1G. 2C) of the force curve
(illustrated by the shaded portion “A” of the deflection curve)
by excluding the attractive force portion of the force curve. By
controlling tip-sample separation based on the repulsive force
portion of the force curve, force sensitivity and imaging reso-
Iution are increased due to reducing the adverse effect of the
attractive force portion ofthe curve (i.e., attractive interaction
forces are long range interaction forces, and therefore sense
interaction over a much larger area, yielding lower resolu-
tion). Moreover, the gate operates to exclude the noise when
performing the gated averaging. Again, the synchronization
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signal is timed so that only the repulsive force region is used.
Such operation is ensured by using the gate at a pre-deter-
mined synchronization position as shown and described in
connection with FIG. 3.

Taking the above further, as shown in FIGS. 9A and 9B,
synchronous averaging can also be employed to further
improve signal-to-noise ratio, and thus ultimately provide
control at nearly the zero force point. FIG. 9A, similar to the
other tip-sample deflection illustrations, shows several cycles
of deflection of the probe as the tip interacts with the sample.
As noted previously, a noise signal is always present when
making these types of SPM/AFM measurements. By com-
bining the deflection signal with a corresponding synchroni-
zation signal, such as that shown in FIG. 9B, synchronous
averaging of the deflection is performed. As a result, the effect
of'noise is reduced greatly according to,

D +D;+D34+Dy+... Dy
N

Equation (2)

Where D, representing data in the ith cycle. The averaged
signal with a signal to noise ratio improved by a factor of VN,
thereby reducing the minimum controllable force (can use
narrow lock-in bandwidth), is shown on FIG. 9C.

Turning next to FIG. 10, an AFM 100 operable in PFT
Mode includes a probe 102 mounted in a probe holder 108
and having a cantilever 104 supporting a tip 106. In this case,
tip-sample separation is modulated by an actuator 112 (for
example, an XYZ piezoelectric tube) coupled to the probe
holder 108 thereby. However, it should be understood that the
preferred embodiments are applicable to those AFM instru-
ments that modulate tip-sample separation by moving the
sample in 7.

During operation, probe deflection is measured by bounc-
ing a light beam “L.” off the back of the probe and toward a
detector 114, such as a four quadrant photodetector. The
deflection signal is then transmitted to an analog to digital
converter 103. The digitized signal is used for maintaining the
tip-sample force low while operating the AFM at high speed.

In the embodiment shown in FIG. 10, probe deflection
without tip-sample interaction is transmitted to a background
generator 105. The background generator will create a peri-
odic waveform corresponding to the background signal when
the tip and sample are not interacting. This waveform can be
generated by a DDS (Direct Digital Synthesis function gen-
erator) whose amplitude and phase are determined by a lock-
in amplifier, and whose input is the background signal. This
waveform can also be generated by synchronously averaging
multiple cycles of the background with the help of a synchro-
nization signal. A comparator circuit 120 processes the total
deflection signal by subtracting the background signal so as to
generate a signal representative of tip-sample interaction
force independent of the parasitic background (FIGS. 4C and
5C). (Note that, though analog or digital circuitry may be
described, it is understood that the operations may be per-
formed in any conventional analog or digital circuitry, though
a preferred embodiment utilizes FPGA architecture to imple-
ment the invention). This signal is then fed through a digital
filter 122 that processes the post-subtraction deflection error
to limit the processed ring-down oscillation of the lever to a
number of selected cycles. The filtered signal is transmitted to
synchronous averaging circuit 123 to further increase the
signal to noise ratio. By averaging data in the non-interaction
region with the help of synchronization, a baseline is deter-
mined from baseline averaging circuit 124. A comparator
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circuit 125 processes the total deflection signal by subtracting
the baseline signal so as to generate a signal representative of
tip-sample interaction force with no cantilever DC drift. This
signal is further transmitted to a force detector 126.

Sync Distance calculator 135 determines the phase shift
between the deflection and the Z modulation DDS (Block
127) that provides the drive and synchronization control in
the form of a time delay. Peak force or repulsive force gate
position generator 129 generates the timing signal for force
detector 126, with the help of the synchronization marker and
synchronization time distance. Force detector 126 analyzes
the output of summation circuit 125 by either identifying the
repulsive peak force or averaged repulsive force within the
gated region illustrated in FIG. 8 A. Again, by operating force
detector 126 this way so force control can be triggered on a
selected part of the force curve (e.g., repulsive force region),
higher sensitivity is achieved by reducing the effect of the
attractive force between the sample and tip. Moreover, signal
to noise ratio is improved by excluding noise from the gate of
detector 126. The gated repulsive force is then compared to an
appropriate setpoint (Block 128), and an error signal is gen-
erated and transmitted to a control block (e.g., a PI controller
130). The control signal is then converted to analog (converter
132) and transmitted to a summing circuit 134 for combina-
tion with a synchronization signal from Block 127 after the
synchronization signal is converted to analog with a converter
136. The output of summing circuit 134 is then applied to the
Z-piezo 112 for actuating the z position (in this case, the
probe) to maintain essentially steady state interaction
between the tip and sample. A corresponding method of
operation is described in further detail below in connection
with FIG. 13.

Turning to FIG. 11, a method 300 of operating an AFM
according to PFT Mode is shown. After a setup and initial-
ization Block 302 (no tuning required), the probe is driven
into oscillation and engaged with the sample. Preferably, in
Block 304, relative XY motion between the probe and sample
is initiated (scanning).

Motion of the probe is then detected; in particular, probe
deflection is detected and transmitted to the converter for
further processing. In Block 306, the method then operates to
recover probe-sample interaction as described above, prefer-
ably performing hydrodynamic background subtraction
using either lock-in amplification, or more preferably, syn-
chronous averaging of the deflection. After filtering the out-
put in Block 308 (e.g., selecting a number of cycles of ring-
down to process), the method detects the force (peak force
detection/gated averaging), preferably using the repulsive
region of the force curve, in Block 310. In Block 312, the
force is then compared to the setpoint force, set according to
the user’s desired interaction force. The Z-actuator responds
to the control signals in Block 316 to adjust tip-sample sepa-
ration and maintain the setpoint force, with the control signals
being used to generate an image of the sample.

Turning to FIGS. 12A-12C, an illustration of the ability of
the preferred embodiments to provide instantaneous force
feedback is shown. In FIG. 12A, several schematic force
versus time curves are shown with different peak repulsive
forces. Notably, interactions Q and S exceed the threshold
force defined by the setpoint, while interaction R illustrates a
peak repulsive force below that of the setpoint. The feedback
error is illustrated as shown in FIG. 12B for prior art force
feedback systems. More particularly, once the repulsive force
exceeds the setpoint, a delay “d” is shown prior to mapping
peak repulsive force at X for the first interaction. This is
similar for the interaction labeled S in which the feedback
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error is not established until well after the point at which the
repulsive force begins to exceed the setpoint.

To the contrary, as shown in FIG. 12C, the response to any
force larger than the setpoint is detected essentially instanta-
neously, given less feedback delay due to the features of PFT
Mode discussed above, including parasitic background sub-
traction, baseline averaging and gated average, repulsive
force control, preferably in combination with synchronous
averaging. By being able to quickly identify forces above the
setpoint, the forces corresponding to tip-sample interaction
can be minimized, thus providing a significant advantage in
terms of AFM operation at high speed and high resolution.
And this is especially true for rough samples in which sample
surface changes can limit response time and/or resolution.
Algorithms

To assure accurate subtraction of the background, two
schemes have been developed, as shown in FIG. 13 and FIG.
14.

In FIG. 13, an algorithm 400 for the subtraction of canti-
lever deflection background (parasitic contributions to
deflection) is shown. Blocks 402 and 404 assure the tip is far
enough away (30 nm, for example) from the sample so that
there is no repulsive impulse interaction on the surface,
according to a user selection upon set up. Block 406 contains
several sub-steps. The AFM system samples cantilever
deflection data for multiple cycles and digitizes the data into
multiple segments with each segment having a period T. The
AFM method aligns each segment of data to the start of the
period T, and then averages the data. Next, method 400 uses
the averaged segment data as the background for the period T.
Block 408 operates to subtract the background obtained from
Block 406 from the measured data in each period T using, for
example, an FPGA processor. Block 408 uses the background
corrected data for feedback.

In FIG. 14, another algorithm 500 for subtracting back-
ground deflection is shown. Blocks 502 and 504, calculating
lift height and lifting the tip with z feedback off, are used to
ensure the tip is not interacting with the sample. Block 506
uses a lock-in amplifier with the drive signal moving the
cantilever probe as the reference, and the cantilever deflection
data as the lock-in input. In Block 508, the amplitude and
phase data obtained from lock-in are used to construct a
sinusoidal signal, and this signal is adjusted and used to
subtract the deflection data until deflection becomes a con-
stant (within the noise limit). Real time subtraction is per-
formed in Block 510. Once sufficient subtraction is achieved
(determined using a constant deflection when the tip is not
interacting with the surface), the AFM is able to use the
background corrected data for feedback in Block 512.

The background calculated according to FIGS. 13 and 14
varies substantially as the probe approaches the sample sur-
face. Such variation is caused by hydrodynamic force as a
function of the probe to sample surface distance. Such varia-
tion can also serve as an indicator of the closeness of the probe
to the sample before it actually interacts with the sample.
With this knowledge, the motorized engaging can proceed at
a fast speed until a pre-defined background value is reached;
slower engage steps can then be performed.

Background subtractions are preferably also executed dur-
ing engagement of the probe with the sample surface, as
shown in FIGS. 15 and 16.

The difference between the two engage methods is that the
“normal” engage 600 in FIG. 15 uses a step motor only to
drive the probe toward the sample to detect the sample sur-
face. However, FIG. 16 shows a “sewing” engage that moves
the probe with the Z-piezo at each motor step as the method
700 searches for the sample surface. Referring initially to
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FIG. 15, method 600 initially steps, in Block 602, a motor to
reduce tip-sample separation according to a fixed step of, e.g.,
0.1 nm to about 3 microns. With feedback control on (force
detection according to the present techniques), the feedback
loop controls the actuator to move the tip, in this case, toward
the sample in Block 604. In Block 606, the algorithm deter-
mines whether the surface has been detected (i.e., whether the
threshold setpoint force has been reached). If not, a back-
ground subtraction operation as described above in connec-
tion with FIG. 5 is performed prior to further stepping the
motor in Block 602. If so, feedback is disengaged, and a lift
height is computed by calculating the z movements between
peak force and maximum negative adhesion force position,
plus a certain margin (for example, 10 nm), and the tip can be
raised in Block 610 (e.g., to minimize the chance of crash).
Thereafter, in Block 612, a background subtraction operation
is performed, and feedback control according to the present
techniques is again initiated in Block 614.

In FIG. 16, Blocks 708, 712, 714 and 716 correspond
directly with Blocks 606, 610, 612 and 614 of the algorithm
600 of FIG. 15. However, prior to detecting the surface, a
sewing engage such as that known in the art is employed to lift
the tip in Block 702 prior to stepping the motor down in Block
704; in this case, the lift is 1.5 times the motor step. The
amount of lift may be user-selected based on type of sample,
etc. Thereafter, feedback is turned on in Block 706 to detect
force according to the present techniques. If the surface is not
detected, the algorithm 700 performs a background subtrac-
tion in Block 710 (similar to Block 608) prior to conducting
another lift in Block 702. Once the surface is detected, the
SPM can image the sample in Block 716.

FIG. 17 illustrates a practical situation of the tip-sample
interaction, and provides a supplemental discussion to the
above in connection with FIG. 6. The real tip-sample inter-
action occurs only in the vicinity of the Sync Distance marker.
Inthe interaction free region there is a residual self-oscillation
of the cantilever due to break-off of the adhesion force (aka,
ring-down). Such oscillation causes baseline fluctuation, ren-
dering the same fluctuation of 6Fr shown in FIG. 3. Such
variation will become controller noise. In order to minimize
baseline fluctuation, the data marked as within the “baseline
average” region are averaged into a single constant, repre-
sented by the dashed line. This constant data is used as the
baseline in calculating dFrin each feedback cycle. The region
for “baseline average” can vary depending on the data quality.
It needs to be smaller than the Sync Distance to avoid aver-
aging the real tip-sample interaction occurring at about the
Sync Distance.

The instantaneous interaction force can be determined by
using the force 8Fr calculated by Equation (1), in which F, ;
can be an instant value at the Sync Distance. As illustrated in
FIG. 18, it can also be a value determined through a gated
average (see also FIGS. 7 and 8A/8B). The gated average
scheme uses the deflection values in the time zone &t and
averages all data points in this time zone. Doing so can sub-
stantially improve signal to noise ratio. F, , serves as the
setpoint in feedback control. It can vary from a value causing
negative OFr to a high positive 8Fr. A high positive number for
OFr means stronger repulsive interaction with the sample.

FIG. 19 illustrates a procedure 800 of instantaneous force
control used for Peak Force Tapping (PFT) imaging. In Block
802 an actuator oscillates the probe or the sample, producing
relative motion with an amplitude in the range of, for
instance, 0.1 nm to 3 pum, peak-to-peak. At this point, the tip
is not touching the sample, and a baseline and background can
be determined in Blocks 804 and 806. Once the background is
determined, it is also subtracted from the detected deflection
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in Block 806 to insure the minimum detectable force is as
small as possible. Block 808 operates to interact the probe
with the sample by an engage, as detailed in FIGS. 15 and 16.
Once the sample is interacting with the probe, the deflection
data in a period T is sampled and digitized to analyze Sync
Distance (FIG. 18), instantaneous force F,. ;and relative force
OFr in Block 810. The baseline and background can be re-
checked according to FIG. 14 at this Block.

Feedback is then used to maintain 8Frand F, , at the preset
value in Block 812. The XY scanner is also enabled, Block
814, to reposition the probe relative to the sample and even-
tually generate a topographic image, as well as one or more
mechanical images indicative of, for example, elasticity,
adhesion, and energy dissipation.

In FIG. 20 the time resolved measurement curve in FIG.
20A is converted to real space data in FIG. 20B. More par-
ticularly, FIG. 20A is a plot of the interaction force as a
function of time in one modulation period. FIG. 20B is the
interaction force as a function of tip-sample distance in one
modulation period. The elastic property of the material can be
calculated conventionally by using the upper part of the slope
(see segment DE in FIG. 20B, segments CDE illustrate short
range repulsive interaction) using, for example, the Oliver-
Pharr model, or another contact mechanical model. (see, e.g.,
Oliver W C and Pharr G M 2004 Measurement of Hardness
and Elastic Modulus by

Instrumented Indentation: Advances in Understanding
and Refinements to Methodology J. Mater. Res. 19 Mar. 20,
2004). The van der Waals attraction force can be determined
from the approaching curve (segment BC in FIGS. 20A and
20B), while capillary adhesion, which occurs when the tip
departs from the sample, can also be calculated. (see, e.g.,
“Theoretical Investigation of the Distance Dependence of
Capillary and Van der Waals forces in Scanning Force
Microscopy”, Stifter et al., Physical Review B, Vol. 62 No. 20,
Now. 15, 2000). By moving the tip in the xy-plane and repeat-
ing these measurements, sample properties such as elasticity,
van der Waals adhesion and capillary adhesion (segment EF
corresponds to attraction and capillary forces) can be imaged
for the entire sample surface region, or some part thereof.
Furthermore, from the difference of the approaching curve
and retrieving (departing) curve, the hardness of the sample
can also be imaged.

FIG. 20B represents two types of data, namely direct mea-
surement data and derived data. Direct measurements data are
parameters, such as interaction force that are determined
instantaneously within each cycle. The derived data are cal-
culated data within each interaction cycle from any part of the
curve. Such data can be deformation, which is calculated by
the penetration depth from point C to point D in FIG. 20B.
Another example is the dissipation energy defined by the area
enclosed in the approaching curve (BCD) and withdraw curve
(DEFG). Yet another example is the adhesion force calculated
through the difference between B and F in FIG. 20B. Any of
the derived data can be used as the feedback control param-
eter. For example, when the deformation is chosen as the
feedback parameter, the control loop in FIG. 1 will produce
animage based on a constant deformation, instead of constant
peak force. Any other derived data can serve the same purpose
in the feedback loop.

One important application of the instantaneous force con-
trolled imaging is in deep trench measurement. When Tap-
pingMode™ AFM is used to image deep trenches (aspect
ratio of about 3:1 or more, with the most difficult trenches to
image having sub-100 nm width, typically 10 nm-100nm) the
strong attractive force at the side walls can cause amplitude
change, resulting in a false measurement of the trench depth.
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Using direct repulsive force as feedback, the feedback only
responds to z-change when the tip is in contact with the
sample. As a result, the force controlled feedback can mea-
sure deep trenches much more reliably than TappingMode™
AFM. FIGS. 21A and 21B provide a demonstration of this
measurement. The measurement uses the same probe and
sample at the same sample location. The instantaneous force
control feedback loop was able to give a real trench depth
measurement with the tip reaching the trench bottom (FIG.
21B). TappingMode™ AFM, on the other hand, moved the tip
prematurely, yielding a much shallower depth measurement
and no trench bottom was measured (FIG. 21A).

Referring finally to FIGS. 22A/22B and 23A/23B, addi-
tional features of the present invention are described. In
FIGS. 22 A and 22B, the AFM is operated to modulate Z at an
amplitude small enough (e.g., sub-nanometer) to make sure
that tip-sample interaction always stays in the repulsive force
zone (Small Amplitude Repulsive Force Mode), i.e., a few
nanometers away from surface. This is accomplished by
using either peak-to-peak force difference (F,-F,, corre-
sponding to the peak-to-peak Z modulation), or amplitude
output of a lock-in amplifier, as feedback. The feedback
parameter is proportional to the repulsive force gradient if the
amplitude is small enough in which case the force gradient is
linear. In this case, feedback is only sensitive to short range
chemical bonding forces, forces corresponding to atomic
resolution. As a result, the present technique is ideal for high
resolution imaging.

In FIGS. 23A and 23B, a similar arrangement to that shown
in FIGS. 22 A/22B is shown, but the attractive force portion of
the force curve is employed (Small Amplitude Attractive
Force Mode). In this case, the system modulates Z at an
amplitude that is small enough to make sure tip-sample inter-
action stays in the attractive force zone all the time. Again,
either simple peak-to-peak force difference (F,-F,), or
amplitude output of a lock-in amplifier, can be used as feed-
back given that the feedback parameter is proportional to the
attractive force gradient if the amplitude is small enough so
that the force gradient is linear. This technique is the least
destructive to the sample since the tip does not make contact
with the sample. In comparison to the Small Amplitude
Repulsive Force Mode, the feedback polarity is inversed.
Advantages—PFT Mode

The primary benefits of PF'T Mode AFM operation are: 1.
Improved imaging stability. 2. Higher resolution with less
damage to tip or sample. 3. Higher tracking bandwidth or
higher imaging speed. 4. Direct physical quantity measure-
ment capability. 5. Reliable fluid imaging. 6. Ability to
choose from a wide range of cantilever types to accommodate
a wide range of samples and applications. 7. Ease of use.

In sum, the benefits of PFT Mode AFM operation are
numerous. The benefits listed above are from the application
point of view. These benefits are a reflection of the advances
in the operation mechanism.

Improved imaging stability: Given the inherently stable
long term force control, drift-free sample imaging can be
achieved along with simultaneous height, stiffness, adhesion,
elasticity and plasticity mechanical property measurements at
TappingMode™ speeds. Because the technique is not
impacted by DC drift (PFT mode creates its own reference
every few hundred microseconds), steady operation is
achieved even without an expert operator. This allows con-
tinuous imaging for hours or even days (large samples-long
time) without substantially compromising image integrity.
The benefit of imaging stability is particularly useful for
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in-process measurements, like crystal growth and monitoring
polymer phase change, which can take several minutes or
even hours.

Higher resolution with less damage to tip or sample: When
compared to existing modes of AFM operation, the low force
high speed imaging provided by PFT Mode in combination
with the low average tracking force and the virtual elimina-
tion of lateral forces on the tip, provide a significant advance
in high speed imaging over a wide variety of samples. For
example, single molecule elasticity can be measured, as well
as narrow DNA samples in fluid (e.g., 2 nm wide DNA). By
comparison, when imaging DNA in fluid, TappingMode™
AFM has at least a 2 nm lower resolution. Moreover, mea-
suring DNA stiffness in fluid is challenging with Tapping-
Mode™ AFM because it does not have property quantifica-
tion capacity, it primarily is only able to provide relative
mechanical property measurements (for example, by looking
at contrast in phase images). With the present technique,
property measurement down to the molecular level can be
achieved.

Compare to TappingMode™, PFT Mode can acquire data
with higher resolution (e.g., a resolution less than a 100 nm,
and more preferably less than about 1 nm laterally) and less
tip-sample force (i.e., less damage to the tip and/or the
sample). The technique provides significant speed improve-
ment over other known force feedback techniques and does so
without requiring the use of a small lever. In fact, arather large
lever (>60 um long) can be operated at sub-resonance in PFT
Mode so that the lever response has a bandwidth far beyond
that achievable when using a so-called small cantilever (>10
kHz).

An additional benefit of the present preferred embodiments
is that a force curve is generated at every pixel so that the
image provides information beyond a typical Tapping-
Mode™ AFM image. With every pixel, the user can obtain
quantitative information regarding stiffness, adhesion, elas-
ticity, plasticity, etc. And again, because baseline tip-sample
separation is calibrated at every pixel, drift is minimized so
that a large improvement in productivity and image reliability
is realized.

Higher tracking bandwidth or higher imaging speed: Nota-
bly, a Peak Force Tapping image can be generated at an
operating bandwidth greater than 2 kHz. Conventional Tap-
ping Mode bandwidth is about 1 kHz, primarily because of
the slow cantilever dynamics (slow response of cantilever
amplitude to the change in tip-sample distance).

Direct mechanical property measurement capability: The
disclosed embodiments independently measures elasticity,
adhesion, energy dissipation, etc. All these factors contribute
to the phase of cantilever oscillation. Therefore although
phase channel is employed to represent the mechanical prop-
erty information in TappingMode™ AFM, ambiguity
remains in the interpretation of the measured phase. PFT
Mode eliminates the phase interpretation problems by pro-
viding direct mechanical property measurement.

Ability to choose from a wide range of cantilever types to
accommodate to wide range of samples and applications:
PFT Mode is insensitive to cantilever dynamics because the
measured peak force is not limited by cantilever dynamics.
This allows for high speed imaging in vacuum, air and fluid.

Typically, TappingMode™ AFM require cantilevers to
have spring constants greater than 0.3 N/m, while PFT Mode
can use cantilevers having spring constants as low as 0.01
N/m. Again, this is due to the fact that PFT Mode does not
depend on the oscillation energy stored in the cantilever to
overcome capillary adhesion forces. Because the technique
utilizes an external actuation element (of the feedback circuit,
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preferably triggering on peak force), the mechanism to over-
come the capillary forces is far more powerful than in Tap-
pingMode™ wherein the static elastic energy of the cantile-
ver itself (fed by the kinetic energy of the oscillating probe)
pulls the tip away from the sample in overcoming the capil-
lary forces. As a result, there is virtually no limitation on the
cantilever spring constant to operate stably in the presence of
a capillary layer. PFT Mode therefore enables stable tapping
control operation using a cantilever having a spring constant
at least as low as 0.01 N/m.

PFT Mode allows using cantilevers from 0.01 N/m to 1000
N/m in one mode of AFM operation. It enables high resolu-
tion mechanical property mapping of the broadest range of
materials (from 10 kPa to 100 GPa in elastic modulus) on a
single instrument.

Reliable fluid imaging: The fact that PFT Mode does not
have to operate at the resonance frequency of the probe offers
a major advantage when imaging in fluid. Due to various
parasitic coupling forces in fluid, cantilever tuning is a diffi-
cult step in the success of obtaining a TappingMode™ fluid
image. PFT Mode completely removes the need to tune the
cantilever (baseline averaging, background subtraction, etc.).
Furthermore, the range of force control and the ability to
choose a cantilever from a much wider spring constant range
gives imaging control much more room for biological sample
imaging.

Ease of use: In addition, given essentially instantaneous
force feedback, tip crashing is virtually eliminated. Also,
because the deflection is dynamically corrected, no tuning is
typically required, and therefore fast, ready setup by virtually
any user can be accomplished.

In review, the present PFT Mode provides very low force
imaging to provide very high resolution using real time prop-
erty mapping (i.e., instantaneous force control). The force
control is inherently stable (essentially drift free), over a term
sufficiently long to image a sample with minimal or no user
intervention. The system allows faster, simpler set-up
because no tuning is required (baseline averaging and hydro-
dynamic background correction). Moreover, precise control
over force basically eliminates tip crash, while the technique/
system also essentially eliminates lateral force on the sample
surface. The system is also insensitive to cantilever dynamics
by not having to wait for probe ring-down before interacting
the probe with the sample. And, as discussed, a wide range of
cantilevers are available to the user to obtain simultaneous
measurements of height, stiffness, adhesion, elasticity and
plasticity at TappingMode™ AFM speeds (>2 kHz). The
present PFT Mode can image samples such as 2 nm wide
DNA in fluid with these characteristics, as well make
improved mechanical property measurements such as single
molecule elasticity.

PFT Mode—Ease of Use

The preferred embodiments of the present invention use
PFT Mode to allow a novice user the ability to produce high
quality images with quality similar to that of an expert user. In
contrast to TappingMode™ AFM which operates by control-
ling tip-sample interaction based on deviations from, for
example, a setpoint amplitude or phase of probe oscillation as
the tip interacts with the sample (representing a complex
relationship relative to tip-sample forces), PFT Mode con-
trols tip-sample interaction based on tip-sample interaction
forces at each point along a cycle of probe modulation. This
direct control of the interaction force simplifies the control
and allows the preferred embodiments to minimize the effects
of complicating variables, including the dynamics of the can-
tilever and other mechanical components including the actua-
tor, and thus maintain stability.
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FIG. 24 A shows a schematic graph 1000 of a sample profile
(height) 1002 including rising regions 1004 and falling
regions 1006. Superimposed on this profile 1002 is a tracking
signal or image 1008 obtained by an AFM. As a scan contin-
ues in the indicated direction, stable feedback is maintained.
Stable feedback refers to a feedback loop that does not tend to
be self-excited, i.e., generate oscillatory output regardless of
input. At point “X”, however, the feedback begins to become
unstable, and the image starts to appear noisier. By decreasing
feedback gain(s), unstable feedback may become more stable
(at a cost—reduced imaging bandwidth, or imaging speed,
etc.). FIG. 24B is an error signal corresponding to the super-
imposed tracking signal 1008. Importantly, both the height
signal and the error signal of the unstable feedback appear
noisier than those of the stable feedback. This phenomenon
will be utilized in the automatic gain scheduling apparatus
and method of the present invention described below.

FIG. 25 illustrates conceptually, using a plot of an ampli-
tude spectrum of the feedback height or error signal, feedback
instability detection used by the preferred embodiments. Sig-
nal spectra are shown for both stable feedback 1010, and
unstable feedback 1012. The feedback instability can be
quantitatively measured based on one or more of several
criteria. A few examples of these criteria are: 1. the spectrum
amplitude at a certain frequency (f,,). Frequency f, is deter-
mined using system identification or from observing the spec-
trum of the feedback signal when the feedback is unstable. 2.
the RMS error of height or error signal. 3. The standard
deviation of height or error signal.

Turning to FIGS. 26 A-D, an illustration of tip-sample force
when the tip loses contact with the sample (also known as
“parachuting”) is shown. Similar to FIG. 24A, FIG. 26A
illustrates a schematic diagram 1020 showing a sample pro-
file 1022 as well as an AFM tracking (height) signal 1024
superimposed thereon. In this case, in the region marked “A”,
the tip loses contact with the sample surface during the image
scan and is parachuting as the control system attempts to
return the tip to the sample surface (typically by moving
either the probe or the sample). FIG. 26B shows that, on
downward sloping surfaces (1026 in FIG. 26A, for instance),
the error signal (the difference between measured tip-sample
interaction force and the setpoint) goes negative, causing the
control system to attempt to move the tip toward the sample.
In flat regions (1032), the error is zero such that the tip is
tracking the surface without correction. On upward sloping
surfaces (1030), the error is positive and the control system
uses this information to attempt to move the tip away from the
sample. In the parachuting region “A” however (correspond-
ing to downward sloping portion 1028 of the sample), the
error first indicates a downward sloping portion, but because
the feedback is unable to follow the fast descending slope the
tip stops tracking the surface as the tip-sample interaction
force goes to zero (see FIG. 26C).

During parachuting the tip-sample interaction force is not
related to the tip-sample distance. Therefore, during para-
chuting, feedback stability is compromised. It is important
that the parachuting event is detected so that gain scheduling
is disabled during the period of parachuting. A method to
detect parachuting using PFT Mode is described below.

FIG. 26D, showing a zoom on the tip-sample interaction
force data, illustrates force curves corresponding to regions of
tip-sample interaction (where feedback correction is
required). A zoom in for an individual tip-sample interaction
force curve is shown in FIG. 20A. The interaction force can be
characterized by an attractive region BC (snap to contact—
van der Waals forces), a repulsive region CDE as the tip
interacts with the surface and continues its cycle of oscilla-
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tion, an adhesive region EF as the tip attempts to pull away
from the surface, and then a point F at which it releases. One
advantage of PF'T Mode over, for instance, TappingMode™,
is that every point on the interaction force curve can be used
by the controller to track the surface (without waiting for
ring-down prior to driving another cycle of modulation), as
discussed at length previously. In the case of a parachuting
tip, parachuting can be detected in the presently preferred
embodiments by one or more of the following criteria: 1. peak
force/adhesion force or peak-to-peak force within an oscilla-
tion period is less than a threshold value. 2. feedback error
signal is between two threshold values indicating the peak
force is near zero. 3. standard deviation and/or spectrum
amplitude at a certain frequency (or frequencies) of feedback
error signal is less than a threshold value indicating the feed-
back loop is open.

An AFM 1100 operable in PFT Mode to minimize the skill
required to operate the AFM is shown schematically in FIG.
27. AFM 1100 includes a probe 1102 including a cantilever
1104 supporting a tip 1106. Probe 1102 is mounted in a probe
holder 1108. In this case, probe holder 1108 is coupled to an
actuator 1110. Actuator 1110 (such as a piezoelectric actua-
tor) can move tip 1106 of probe 1102 in “Z” direction (or-
thogonal to the sample surface). As the probe 1102 interacts
with the sample 1109, its deflection is monitored by a deflec-
tion detection scheme 1112 including a light source 1114
(e.g., a laser diode) that directs a beam of light “L.” towards
the backside of the lever 1104. Lever 1104 reflects the beam
“L” towards a detector 1116 (e.g., a quadrant photodetector)
that transmits a signal indicative of deflection toward an ADC
1118. After the analog deflection signal is converted to digital
by ADC block 1118, the resultant signal is transmitted to a
PFT Mode Force Detection block 1120. The detected force
signals (determined according to the above-described appa-
ratus and methods for extracting tip-sample interaction forces
point-by-point) are transmitted to a comparison circuit 1122.
Preferably, the peak force is compared to the force setpoint,
and the error signal is sent to a PI controller 1124. PI control-
ler 1124 outputs a control signal that is transmitted to a Z Scan
DAC block 1126 that converts the digital signal to an analog
signal, which is further applied to the Z piezoelectric actuator
1110 to control tip-sample separation. The above mentioned
components form a feedback loop, so that the interaction
force between tip 1106 and sample 1109 is regulated accord-
ing to the force setpoint.

In operation, the Z Scan control signal output by DAC
1126, and optimized by gain control circuit 1123, is com-
bined with the output of the Z offset DAC 1136 (described
further below) and the oscillating drive for PFT Mode pro-
vided by a Z modulation DDS (direct digital synthesizer)
1138 at summing circuit 1139.

To facilitate stability, and thus minimize the need for an
expert user, the gain is automatically tuned using a gain
control circuit 1123. The control signal from PI Controller
1124 used to control the Z piezo 1110 is also transmitted to a
block 1128 that re-samples the height data at a position cor-
responding to, preferably, the peak force (see block 1120). An
oscillation detection algorithm 1130 is then employed to
determine whether there is oscillation in the height data, i.e.,
whether there is an onset of instability. If the system is about
to oscillate and become unstable, high frequency noise will be
detected. The way in which algorithm 1130 determines the
amount of noise is described in further detail below in con-
nection with FIG. 28. Oscillation detection algorithm 1130
outputs a signal indicative of the magnitude of the instability,
short termed “noise” only for this section. Such instability
exhibits itself like noise and is caused by the feedback loop.
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But it should not be confused with noise in other parts of the
system when feedback is not turned on. This noise signal is
compared to a noise tolerance margin at summing circuit
1132. The noise tolerance margin is a predetermined param-
eter associated with the product and it can be further opti-
mized after initiation of imaging according to sample rough-
ness information acquired during scanning. For example, the
noise tolerance can be reduced if the sample is determined to
be very flat. If the error output of circuit 1132 exceeds the
predetermined margin, gain controller 1134 determines an
appropriate gain control signal to adjust the gains of control-
ler 1124 by, for example, reducing I gain and P gain in small
steps (5%, each iteration, for example) until the magnitude of
the instability signal out of oscillation detection algorithm
1130 becomes less than the noise tolerance margin. In sum, at
each imaging location, the gain may be optimized to ensure
system stability.

With this automatic gain scheduling active, the need of
expert user tuning of the gains during AFM operation is
eliminated.

One of the critical elements in automated adjustment of
feedback gains is the ability to determine instability onset
quickly and accurately during scanning. This determination is
often complicated by unknown topography which may be
misinterpreted as the instability induced noise in the gain
controller. Turning to FIG. 28, an algorithm 1140 for imple-
menting oscillation detection block 1130 of FIG. 27 is
described in further detail. Height information is used to
determine the level of instability oscillation because the
height is calibrated on any AFM system and is independent to
any system specific parameters such as scanner Z range and
cantilever deflection sensitivity, etc. A noise tolerance margin
(Block 1155) is defined as the allowed magnitude of instabil-
ity induced noise. When this margin is detected using the
height signal, such margin provides an absolute value of noise
allowed in the feedback system. For example, if the noise
tolerance margin is 1 nm, any instability output from Blocks
1146 or 1148 is considered acceptable. For a sample height of
100 nm (range), such margin corresponds to a signal to noise
ratio of 100 in the image. However for flat sample with
corrugation less than 1 nm, the noise tolerance margin will be
larger than the sample height signal. In such a situation, the
noise tolerance margin should be reduced to 0.1 nm to get a
reasonably good image (S/N=10). This margin can be self-
adjusted based on the sample roughness. The height data
obtained during AFM operation reflects both sample topol-
ogy and system oscillation. In general, algorithm 1140 oper-
ates to filter out sample topology in order to determine
whether the noise is sufficiently large to indicate an onset of
instability. It is important to know that, during scanning, the
sample topology usually does not have large changes in adja-
cent pixels. By calculating the height difference between, for
example, three (3) adjacent points, the sample topology can
be largely filtered out. This is shown using following equa-
tions:

Assume the height of 3 consecutive pixels around location
Xo 18

H(xo — Ax), H(x0), H(x0 + AX), s0 (1
H(xg + Ax) = H( )+dH +d2H
Yo au =M gy x=xo A x=x(
d*H d*H
2 3 4
Ax +—de o Ax” + s . X+
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add equation 1 to equation 2, we have:
H(xo +Ax) + H(xg — Ax) = (3)
2H +2—d2H a2 Axt+
(042 |y & T ey
So
(H(xo +Ax) + H{(xp — Ax) = 2H(xp)) _ 4
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&' H A d*H 4
T iy T T by T

with a small position change Ax, the height difference will be
small.

In this regard, referring to FIG. 29, one example of the
height control signal output by PI controller 1124 (FIG. 27) is
shown on A. In this case, feedback loop is stable between t1
and t2. It starts to oscillate from t2 to t5. Referring back to
FIG. 28, the height data is re-sampled in Block 1142. Re-
sampling in this context means extracting the height data
points at, preferably, a peak force position of at least three
adjacent force curves. In Block 1144, a difference in height
between a selected number of data points or pixels is deter-
mined. For example, if three points are chosen, the calcula-
tion becomes,

H D) =(H(i~1)+H(i+1)-2*H())/2

The result of this operation is shown on FIG. 29C. The
topology data is largely filtered out with just very little left-
over, but oscillation data during t2 and t5 basically
unchanged. As shown on FIG. 29D, the absolute value of this
difference |H Diff{(i)l indicates how stable the feedback is at
certain time. Referring to FI1G. 28, this is done in Block 1146.
This step operates essentially like an oscillation detector.
Then, in Block 1148, a moving average may be determined.
By determining a moving average of height differences,
which are computed over relatively long periods of time, a
baseline ofhow stable the feedback loop is established. Deter-
mining a moving average is only required for those samples
that exhibit significant changes in topology such that the
topology might not be filtered out in a given sample used for
the height difference calculation. Such samples include, for
example, a silicon grating with sharp steps. In such cases, the
rapid change in topology results large spikes in the height
difference output data. Since those spikes are typically short
lived, by compare them to the moving average of height
difference data with the operation shown on FIG. 28, Block
1149, those spikes will be totally removed. On the other hand,
if there is an oscillation, because problematic oscillation
noise typically lasts much longer than topology changes, the
associated height difference data tends to be similar to previ-
ous moving averaged data and so is essentially passed by.

Continuing with method 1140, in Block 1149, if the abso-
lute value of the difference obtained in Block 1146 is less than
some multiple of the moving average, for example, four (4)
times the moving average value computed in Block 1148, the
output of oscillation detection algorithm 1140 is |H Diff(i)I. If
the absolute value of the difference is greater than the mul-
tiple, then the output of algorithm 1140 is the moving average
value. The RMS value of this quantity is then determined in

Equation 5
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Block 1150. It is this value that is compared to the “Noise
Tolerance Margin” by summing circuit 1152, described
above in connection with FIG. 27. Finally, gain control feed-
back (increase/decrease the gain) is determined and transmit-
ted to PI controller 1124 based on the error output of circuit
1132 in Block 1154. Gain is increased if the output of 1130 is
lower than Noise Tolerance Margin 1155. Gain is decreased if
the output of 1130 is higher than the Noise Tolerance Margin
1155.

A particular implementation of AFM operation using PFT
Mode is illustrated in FIG. 30. To take advantage of PFT
Mode and make the instrument user friendly, automatic gain
scheduling control (herein also referred to as “auto pilot” or
“auto piloting the AFM”) as described above is implemented
as follows. The user defines a desired scan size in Block 1502.
An engage routine is then initiated in Block 1504, bringing
the tip and sample into contact. The AFM system then deter-
mines whether “auto piloting” is on in Block 1506. If not, this
routine is complete (Block 1530) and the AFM operates using
operator controlled feedback without auto gain control (some
expert users may prefer to monitor their measurement and
make manual gain and setpoint adjustments). If auto piloting
is on, operational parameters are initialized in Block 1508
through factory defined default values, as is the DSP in Block
1510. Block 1512 indicates that auto pilot function is imple-
mented in the DSP.

Once the parameters are initialized, scan size is set to a
small value in Block 1514. A small scan (10 nm, for example)
is performed at low gain to determine an initial peak force
setpoint and gain to provide a setpoint reference. For all AFM
imaging, minimizing the peak tip-sample interaction force
generally leads to improved tip life and sample integrity. The
system can determine the minimum setpoint based on the
knowledge of the base noise in the system. For example, if the
force detection noise, when the tip is not interacting with the
sample, is 100 pN, the setpoint may be set at 300 pN, allowing
enough signal to noise ratio for feedback control. In Block
1516, the engage is verified, and in Block 1518, the system
modifies the initial gain and setpoint in an attempt to optimize
the same. The optimization is an iterative process including,

1. Determining system background noise by lifting the tip

so that there is no tip-sample interaction;
2. Determining a setpoint, usually three (3) times higher
than the peak force noise background determined in Step
1; and

3. Increasing the gain (iteratively, in predetermined steps,
for example) until the noise is about equal to the noise
tolerance margin.

Once the gain and force setpoint are determined at small
scan size in Block 1520, the system restores the user-input
scan size in Block 1522 and begins AFM operation to acquire
sample data.

In Block 1524, the system determines whether the algo-
rithm is adjusting the gain or setpoint. If either gain or setpoint
is not being adjusted by the algorithm, the default gain/set-
point value is restored in Block 1526. The system then enters
a monitoring loop (Monitoring Mode) in Block 1528. Moni-
toring Mode determines whether oscillation exceeds the
threshold. If so, gain can be adjusted (decreased). If not, gain
can be increased for better tracking. Monitoring Mode also
operates to detect a parachuting event. If a parachuting event
is detected as described above, the setpoint may be increased
for optimal performance. Setpoint increase is implemented,
preferably, by 5% increments each time (and optionally veri-
fying steps 1-3 outlined above). The above continues until the
scan of the user-defined sample scan size is complete.
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It is important to point out that the relative position
between the probe and the sample represents two distinct
concepts. Since the tip is moving periodically, the position of
the probe at any instant is referred to as the probe position.
The averaged position in one period of the motion is the mean
probe position. For example, if the probe is moving sinusoi-
dally with the angular frequency of “w” and amplitude of “a”
the probe position at any instant is a*sin(wt). However the
average position of the probe is zero since the average in one
sine cycle is zero.

The Z position controlled by the feedback loop provides
control of the mean position.

In sum, the above-described feedback control is able to
maintain a substantially identical peak interaction force in
each modulation period of probe oscillation/tip-sample inter-
action. The method automatically determines a setpoint asso-
ciated with the peak interaction force based on noise back-
ground, and automatically determines feedback gain
according to an oscillation magnitude of the instability. By
doing so, the AFM can be used by a novice user to obtain
images with self optimized gain and setpoint value.

In contrast to Tapping Mode the nature of the feedback in
PFT Mode is considerably different. In most AFM control
schemes, the feedback loop is implemented using integral and
differential gain control, or simply a P/I feedback loop. Feed-
back is driven by the difference between a preset value (set
point) and the current value of peak force. This difference is
also called the error signal, as described earlier. The P/ feed-
back loop is a linear compensator. It has the most predictable
behavior if the error signal to be compensated for using feed-
back is also linearly varying with the tip-sample interaction.
The peak force error intrinsically is linear in nature because
such error grows linearly with tip-sample interaction. This
linearity of the error is the key element for achieving auto-
matic tuning of P/I gain (also called gain optimization) with
long term robustness over a broad range of samples.

The gain optimization described in FIGS. 28 and 30 oper-
ates to increase gain to the highest bandwidth for fastest
feedback response, and thus faster imaging.

Setpoint optimization mean a process described in FIGS.
28 and 30 to minimize the interaction peak force, therefore
the setpoint value needed to track the surface.

Scan rate optimization means automatically adjusts scan
speed so that the scan rate allows the setpoint to operate with
a predefined margin (peak force error), while achieving high-
est possible scan rate. For example, if the setpoint margin is
100N, the automatic gain adjustment and setpoint adjustment
will work on any optimized value with the peak force below
10 nN. If setpoint adjustment at 10 nN is insufficient to
maintain stability the automatic control in FIG. 30 will
decrease the scan rate to assure the largest peak force error is
within 10 nN.

The scan rate can be automatically adjusted for optimiza-
tion using PFT Mode, as shown in FIG. 31. In FIG. 31, a flow
chart of a scan control algorithm 1600 is shown. In this case,
the AFM is operating in PFT mode in Block 1602, which
includes continuous monitoring of the peak force in each
cycle of tip-sample interaction. In Block 1604, method 1600
determines whether that peak force is greater than a preset
threshold. For example, the threshold may correspond to a
measurement greater than 8 volts. If so, a scan rate adjustment
signal is transmitted to the scanner to reduce the scan rate by
an appropriate amount in Block 1608. If not, then the method
determines whether the background change is greater than a
particular threshold (for example, 0.25 volts) in Block 1606.
If so, scan rate is reduced in Block 1608. If not, the current
scan rate is maintained in Block 1610. This optimal scan rate
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control can be optimized at every pixel when operating in PFT
Mode. PFT Mode thus strikes the ideal balance between
acquiring high quality images in the shortest amount of acqui-
sition time. To further explain block 1606, as an example,
referring to FIGS. 32A and 32B, FIG. 32A illustrates flat
background regions on either side of a cycle of tip-sample
interaction force. In FIG. 32B, the background is affected by
changes in sample topography—the tip maybe stuck in the
sample due to it not being able to track the surface. In this
case, this background change is identified and used to slow
the scan.

PFT Mode also enables automatic Z-limit control, further
facilitating ease of use of this AFM. The Z-limit parameter
defines the dynamic range of the Z piezo actuator. Preferably,
the probe is centered in this range. Larger Z-limit allows
imaging of a sample having large topography variations, but
at the same time reduces the bit resolution. For certain flat
samples, the Z-limit needs to be adjusted in order to acquire a
high resolution topography image. Previously, Z-limit adjust-
ment was based on the user’s experience. In PFT Mode,
control of the Z-limit parameter is automated. In this regard,
turning to FIG. 33, after method 1700 initiates operation in
PFT Mode in Block 1702 (Z-limit is set to allow maximum Z
range), method 1700 captures one complete frame of the
sample surface corresponding to the scan area defined by the
user in Block 1704. The RMS height of the frame is then
computed in Block 1706. If the RMS height is less than a
threshold (e.g., 10 nm), as determined in Block 1708, then the
Z-limit is adjusted in Block 1710. For example, for a flat
sample that meets the threshold, the Z-limit may be reduced
to a particular value, 2 microns for instance, and the frame
re-scanned. This may be done iteratively until the user is
satisfied with the image and moves on. Preferably, the
adjusted Z limit is maintained until the user changes the scan
area.

In addition to automation, PFT Mode is useful for maxi-
mizing the ability to insure quality imaging and obtain
mechanical property measurements of the sample at every
scan location (e.g., pixel) of the sample. For instance, PFT
Mode can be used to perform tip radius monitoring. One
major setback to obtaining high quality images is the diffi-
culty of the user to detect when the sharp probe tip has been
compromised. The tip may be compromised due to contami-
nation (materials from sample or environment attach to the
tip, which often occurs when imaging in fluid or imaging an
oily sample, for example) and/or from the change in the
physical structure (part of the tip fractures or wears out). A
compromised tip can be identified by reviewing a force curve
obtained at a sample location. FIG. 34 illustrates the portion
of the force curve indicative of tip health. In FIG. 34, sche-
matic graph 1801 represents tip trajectory. This trajectory can
be part of a sinusoidal signal and an arbitrary shape defined
using the scanner control signal. At positions close to sample
van der Waals attraction force is plotted as segment A-B in
schematic graph 1802 where 1802-1 represents the non-in-
teracting zero force baseline. The slope of this segment is
determined using tip radius. A larger tip radius will cause
point A to move left, corresponding to an earlier onset of van
der Waals force. By analyzing segment A-B, one can estimate
tip radius and make a judgment regarding whether the tip is
still sharp. In particular, the slope of region A-B provides an
indication of a tip artifact (the dashed line schematically
illustrating the response when an artifact is present). Because
in PFT Mode one or more force curves are generated at each
and every pixel, tip force monitoring can occur substantially
instantaneously during the scan. Therefore, rather than inter-
rupting imaging and obtaining a test force curve to try to
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identify whether the tip is compromised, the AFM operating
in PFT Mode is able to identify such a condition automati-
cally at every scan location (every few hundred microsec-
onds, for instance). If identified, the scan can be discontinued
and the user notified, thereby preventing acquisition of fur-
ther useless data and allowing the user to replace the compro-
mised tip.

Another indication of tip health is contamination. Such
contamination is determined by analyzing the shaded area
“w” in schematic graph 1803 in FIG. 34, which is known as
the work of adhesion. Work of adhesion is higher if the tip is
contaminated by water, or another substance, which may
form a meniscus when the tip retracts from the surface. Larger
work of adhesion represents more severe contamination.
Since the force curve is acquired at each pixel, the health of
the tip related to contamination can also be continuously
monitored.

If the tip is functionalized through chemical bonds with
certain chemical components, such as Polyethylene glycol
(PEG) or Dendron, the work of adhesion is then purposely
introduced. In this case, the functionalized tip only generates
significant work of adhesion when the chemical components
interact with molecular sites that exhibit particular interac-
tions, for example, generate bonds to Polyethylene glycol
(PEG) or Dendron. By monitoring this interaction, the adhe-
sion map may become a chemical or biochemical recognition
map.

One can also apply electric, optical, magnetic or thermal
perturbation or excitation that is synchronized to the contact
point D in schematic graph 1802 of FIG. 34. Synchronous
detection of current, voltage, thermal property, magnetic
response or optical spectroscopy response can achieve sub-
stantial signal to noise improvement since point D represents
control at near sample interaction (or near field interaction).
Advantages—PFT Mode and Ease of Use

Insum, PFT Mode provides several operational advantages
that enable AFMs to be operated by non-expert users. When
considering ease of use, several imaging factors must be
accounted for to minimize the need for an expert user. First,
stability of the feedback must be maintained and, with the
above-described automatic gain tuning/scheduling enabled
by PFT Mode, stability is realized without any expert being
present to manually adjust the gains. Next, to obtain quality
images, the AFM must track the sample surface. By basing
control on the instantaneous tip-sample interaction force, the
setpoint force can be selected for optimum tracking with
minimum error. Also, scan rate and auto Z-Limit control, as
described above, also work to minimize the need for an expert
when operating the AFM without compromising imaging
speed or the ability to obtain high quality images.

In contrast to known oscillatory modes of AFM operation
such as TappingMode™, PFT Mode operates in an entirely
different dynamic regime. Oscillation mode setpoint is, typi-
cally, an amplitude or phase of the oscillation, a parameter
that has a highly complex relationship with the interaction
and the force between tip and sample. As discussed herein,
PFT Mode considers each point of tip oscillation as the tip
interacts with the sample surface and uses the corresponding
force information in its feedback scheme. This allows the
preferred embodiments to operate without user controlled
feedback, with no user adjustments being required during
imaging (auto-minimization of the error signal). PFT Mode
also provides intermittent contact with the sample (and its
understood benefits) with tuning (only requiring a simple
pre-image routine—FI1G. 30), and allows set-up without tun-
ing. As a result, the novice can image below a certain resolu-
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tion (for example, 1 nN) and above a certain speed (e.g., 2
Hz, 256 pixels) without having to do a tune.

Moreover by providing a force curve at every pixel, the
user is able to obtain deterministic data (e.g., adhesion) at a
reasonable speed and at a certain resolution, and can do so
while imaging. This is all enabled by feeding back directly on
force (tip-sample) which allows response based on a single
interaction between the tip and sample (representing a linear
transfer function—direct contrast to known oscillating
modes).

Notably, all the above concepts can be employed in the
electrical context as well (e.g., STM) whereby the instrument
feeds back on current.

Also, because of the complex nature of the feedback, the
data obtained in conventional oscillating modes typically
requires complex indirect interpretation. PFT Mode allows
direct interpretation of the data given that it is force curve
based rather than tapping “envelope” based.

Another benefit of operating in PFT Mode includes the
ability to image certain samples more effectively. For
instance, in semiconductor applications, the inability of AFM
to reliably image narrow trenches often causes users wanting
to perform such measurements to select metrology instru-
ments other than AFM. However, in PFT Mode, peak inter-
action force is used as direct force feedback and the tip is in
contact with the sample in every force curve, thus enabling
confident measurement of high aspect ratio sample features.

In addition, PFT Mode is not subject to control parameter
drift. For example, TappingMode™ AFM free amplitude may
change during imaging due to either the drive amplitude drift
in air or the fluid cell drive efficiency drift in liquids, causing
change in the tip/sample force, and may result in loss of
tip/sample interaction. Such drift prevents TappingMode™
AFM to perform long time stable imaging. With PFT Mode,
auser can image for more than an hour (including overnight)
versus less than an hour using conventional oscillating AFM
modes especially in liquid environments.

Overall, in PFT Mode, there is a de-coupling of the canti-
lever response to environmental conditions. Imaging in
vacuum (fluid) and atmosphere can be accomplished without
affecting set-up thus making the instrument very easy to use.
The oscillation frequency can be set independent of any can-
tilever resonance greatly simplifying use in fluid. In particu-
lar, known intermittent contact modes require operation at
resonance, while PFT Mode preferably operates at sub-reso-
nance. This, again, is due to the ability to control based on
ultra small instantaneous (not average) forces (about 1 uN to
1pN). As aresult, the AFM can also run feedback faster given
that cantilever Q is irrelevant at subresonance (the transfer
function is independent of the energy store in the cantilever at
resonance). Finally, PFT Mode also allows use of cantilevers
having sub 1-10 N/m spring constants, as discussed above.

Although the best mode contemplated by the inventors of
carrying out the present invention is disclosed above, practice
of the above invention is not limited thereto. It will be mani-
fest that various additions, modifications and rearrangements
of'the features of the present invention may be made without
deviating from the spirit and the scope of the underlying
inventive concept.

We claim:

1. A scanning probe microscope (SPM) comprising:

a probe for moving in a periodic motion relative to a

sample;

a position detector for detecting a motion of the probe;

a PFT mode force detection block for determining a sub-

stantially instantaneous force between the probe and the
sample from the detected motion of the probe;
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a controller for automatically controlling the periodic
motion of the probe relative to the sample, in response to
the substantially instantaneous force, by maintaining a
feedback setpoint; and

wherein the controller automatically controls a gain in a
corresponding feedback loop.

2. The SPM of claim 1, further including a block for auto-

matically controlling Z-limit.

3. The SPM of claim 1, wherein the controller provides
relative scanning motion between the probe and the sample
and automatically controls a scan rate.

4. The SPM of claim 1, wherein the feedback setpoint is a
preset instantaneous force, and the controller automatically
optimizes the preset instantaneous force.

5. The SPM of claim 1, wherein the periodic motion is a
relative oscillatory motion between the probe and the sample,
and wherein the instantaneous force is determined prior to the
completion of one cycle of the oscillatory motion.

6. The SPM of claim 1, wherein the instantaneous force is
a repulsive force.

7. The SPM of claim 1, wherein a minimum controllable
force corresponding to the instantaneous force is less than
about 1 nN.

8. The SPM of claim 7, wherein the minimum controllable
force is less than about 10 pN.

9. The SPM of claim 7, wherein the detected motion of the
probe is synchronously averaged to reduce the minimum
controllable force.

10. A gain control circuit for stabilizing an (SPM) com-
prising:

a distance detector for sampling a separation distance
between a probe and a sample, wherein sampling occurs
at a position corresponding to a peak force during an
oscillation period between the probe and the sample;

an oscillation detector for detecting an amount of instabil-
ity oscillation between separation distances; and
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a gain controller configured to adjust a gain value by an
increment if the amount of instability oscillation
between separation distances exceeds a predetermined
threshold.

11. The gain control circuit of claim 10, wherein the incre-

ment is at least 5% of the gain value.

12. The gain control circuit of claim 10, wherein the pre-
determined threshold is less than 1 nm.

13. The gain control circuit of claim 10, wherein the gain
value corresponds to an Integral (I) gain and a Proportional
(P) gain.

14. The gain control circuit of claim 10, wherein the gain
value is adjusted upon changing an imaging location.

15. The gain control circuit of claim 10, wherein the gain
value controls a Z piezo for controlling the separation dis-
tance.

16. A method for stabilizing an (SPM) comprising:

receiving a plurality of separation distances between a
probe and a sample, wherein the separation distances
reflect a position corresponding to a peak force during an
oscillation period between the probe and the sample;

detecting an amount of instability oscillation between
separation distances; and

adjusting a gain value by an increment if the amount of
instability oscillation between separation distances
exceeds a predetermined threshold.

17. The method of claim 16, further comprising adjusting
the predetermined threshold based on roughness of the
sample.

18. The method of claim 16, wherein the separation dis-
tances reflect peak force positions of at least three adjacent
force curves.

19. The method of claim 16, further comprising determin-
ing a moving average based on separation distances.

20. The method of claim 19, further comprising comparing
a separation distance to the moving average.
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